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Abstract
Remote sensing of volcanic activity is an increasingly important tool for scientific investigation, 
hazard mitigation, and geophysical analysis. These studies were conducted to determine how 
combining remote sensing data in a multi-sensor analysis can improve our understanding of 
volcanic activity, depositional behavior, and the evolutionary history of past eruptive episodes. 
In a series of three studies, (1) optical photogrammetry and synthetic aperture radar are 
combined to determine volumes of lahars and lava dome growth at Redoubt Volcano, Alaska; (2) 
applied data from multiple synthetic aperture radar platforms are combined to model long-term 
deposition of pyroclastic flow deposits, including past deposits underlying current, observable 
pyroclastic flow deposits at Augustine Volcano, Alaska; and finally (3) combined, low-spatial- 
resolution thermal data from Advanced Very High Resolution Radiometer sensors are combined 
with high resolution digital elevation models derived from the microwave TanDEM-X mission, 
to increase the accuracy of eruption profiles and effusion rates at Tolbachik Volcano on the 
Kamchatka Peninsula, Russian Far East. As a result of this study, the very diverse capabilities of 
multiple remote sensing instruments were combined to improve the understanding of volcanic 
processes at three separate locations with recent eruptive activity, and to develop new methods of 
measurement and estimation by merging the capabilities of optical, thermal, and microwave 
observations. With the multi-sensor frameworks developed in this study now in place, future 
efforts should focus on increasing the diversity of sensor types in joint analyses, with the 
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Remote sensing of the environment has grown from an experimental technology on the edge 
of scientific investigation, to a mainstream tool used in most earth observation disciplines. 
Orbital platforms have progressed so rapidly, that technologies once described as advanced have 
become common place in less than a generation. Earth observation satellites have grown from 
Landsat 5, with 7-bands of multispectral imaging, to the hyperspectral Hyperion instrument, with 
220 spectral bands (USGS, 2010), and the Atmospheric Infrared Sounder (AIRS) instrument, 
with 2378 infrared detectors (Olsen, 2017). The commercial WorldView-4 satellite, launched in 
2016, has a ground resolution of 0.30 m to 1.24 m with revisit periods of less than one day 
(DigitalGlobe, 2019). At the beginning of that same generational span, synthetic aperture radar 
(SAR) was barely beginning its mainstream emergence. The first European SAR satellite (ERS- 
1), became operational in 1991, followed by ERS-2 and the Canadian Radarsat-2 in 1995 
(Morena et al., 2004; ESA, 2011). At this writing in spring 2019, there are six dedicated, civilian 
SAR satellites operated by five countries and the European Union, with ground resolutions as 
low as one meter.
Visible, thermal, and imaging technologies now find themselves being combined together to 
increase Earth observation capabilities to study critical topics of interest, including but not 
limited to Earth's natural hazards, climate change, environmental damage, weather dangers, 
urban studies, and rising seas. With the present Earth observation capabilities providing a 
comprehensive suite of instruments and sensors that will continue to grow, this dissertation study 
investigates how those capabilities can be used to maximize our understanding of volcanic 
processes, and improve our methods to measure and observe these processes, if remote sensing 
data from visible, thermal, and microwave wavelength sensors are combined to increase our 
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knowledge of the volcanic systems beyond the capabilities of individual satellites or sensors. In 
addition to increasing the quality and quantity of information that can be extracted pre-, syn-, and 
post- volcanic event, a developed multi-sensor data analysis approach would also improve the 
accuracy of measured event/eruption parameters, and contribute to an improved analysis of the 
volcanic event/eruption to support local observatories, research scientists, and decision makers.
Chapter 1 is titled “Multi-sensor data fusion for remote sensing of post-eruptive deformation 
and depositional features at Redoubt Volcano.” Redoubt volcano, located in south-central 
Alaska, erupted on 22 March 2009 with a series of explosive events lasting nearly two weeks. 
The eruption produced an ash cloud exceeding 18 km above sea level (ASL), and inundated the 
Drift River Valley with pyroclastic flows and lahars, and, importantly, threatened the Drift River 
Oil Terminal, a petroleum storage facility east of the volcano. Following the explosions and 
lahars, the eruption continued through a dome-building and effusive stage that lasted 
approximately three months, until 1 July 2009.
This chapter focused on spaceborne data from two separate instruments aboard the Advanced 
Land Observing Satellite (ALOS), launched by the Japan Aerospace Exploration Agency 
(JAXA) in 2006 (Rosenqvist et al., 2007). Photogrammetric optical images were acquired from 
the Panchromatic Remote Sensing Instrument for Stereo Mapping (PRISM), and microwave 
imaging data from the Phased Array type L-band Synthetic Aperture Radar (PALSAR) sensors. 
Together, the combined data were used to quantify deposition and dome growth from the 
eruption of Redoubt Volcano in 2009. To demonstrate how multi-sensor efforts could obtain 
measurements and details of the volcano with high precision, a three-test approach was 
developed to examine deformation caused by lahar deposits, and to estimate the dimension of the 
lava dome at the end of the eruption.
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First approach: Here, digital elevation models (DEMs) created from pre-eruption and post­
eruption photogrammetric images were obtained from the ALOS-PRISM instrument. PRISM 
data were successfully used to develop high-resolution DEMs of the Redoubt Volcano and Drift 
River valley, to examine the extent and height of emplaced lahar deposits and scour, and to 
estimate the volume of the 2009 Redoubt lava dome. Second approach: Here, combined PRISM­
DEMs with microwave PALSAR data were used to demonstrate the utility of multi-sensor 
differential interferograms and produce cm-scale deformation maps of lahars in the Drift River 
valley. Third approach: Here, an algorithm was developed that mapped outlines of lahar deposits 
from multi-temporal coherence maps. The algorithm is unique in that it takes full advantage of 
all available coherence data in several post eruptive InSAR pairs to reduce noise and false alarms 
in creating an automatic lahar mask.
As a result of these combined multi-sensor and multi-temporal datasets, an improved 
description of this event was established. The ability to quantify lava dome volumes and lahar 
areas are examples of this achievement. Furthermore, the multi-sensor combination of optical 
and SAR data enabled the measurement of lahar deformation to an accuracy that would not have 
been achievable from processing each dataset individually.
Chapter two, entitled “Pyroclastic Flow Deposits and InSAR: Analysis of Long-Term 
Subsidence at Augustine Volcano, Alaska,” involves a study of pyroclastic flow deposits (PFDs) 
from Augustine Volcano, situated on Augustine Island, in Alaska's Cook Inlet. Augustine 
Volcano is an extremely active volcano, having erupted at least six times since its first 
documented eruption in 1883, with its most recent eruption in 2006. During those six eruptions, 
significant pyroclastic flows occurred in 1964, 1976, 1986, and 2006 (Cervelli et al., 2006; 
Power et al., 2006; Coombs et al., 2010)
3
In this chapter, 16 years of InSAR data from multiple SAR platforms were acquired to 
examine the thickness and long-term subsidence behavior of PFDs at Augustine Volcano. A 
total of 48 SAR images were obtained from four separate SAR sensors: ERS-1, ERS-2, 
Radarsat-1, and ALOS PALSAR. The results of the research included a model to (1) decompose 
the deformation signals from two generations of superimposed pyroclastic flow deposits 
emplaced during the 2006 and 1986 eruptions, and to (2) develop a reconstructed subsidence 
history of the observed pyroclastic flows.
By combining these various datasets, we determined the initial settling period of the PFDs on 
Augustine was concluded within the first year of emplacement. We were also able to show a 
decrease in deformation rates over time, as cooling rates of the flows subsided. Through a 
combination of multiple SAR data resources acquired at different times, different geometries, 
and from several platforms, a better understanding of the behavior and geometry of Augustine's 
PFDs beyond what would have been possible from a single sensor was possible and provided 
critical information that could be useful for further hazard assessment.
The third and final Chapter of this dissertation is entitled, “Multi-sensor remote sensing data 
applied to estimation of 2012-13 effusion rates at Tolbachik Volcano, Kamchatka Peninsula, 
Russian Far East.” This is a multi-sensor study of the effusive Tolbachik Fissure Eruption (TFE) 
on the Kamchatka Peninsula during 2012-2013. Tolbachik Volcano is situated in the central 
Kamchatka depression, on the Kamchatka Peninsula in southeastern Russia. The TFE occurred 
over nine months, from 27 November 2012 through ~27 August 2013 and deposited volcanic 
products over a reported area between 35.9 km2 and 45.8 km2, with a non-DRE (dense rock 
equivalent) volume variously estimated between 0.53 km3 and 0.65 km3 (0.50 km3 DRE and 0.55 
4
km3 DRE). (Dvigalo et al., 2014; Belousov et al., 2015; Dai and Howat, 2017; Kubanek et al., 
2017).
The approach developed in this third chapter focused on the use of thermal data from the 
National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution 
Radiometer (AVHRR) sensors, a high-temporal resolution but low-spatial resolution dataset, in 
combination with a time series of twelve highly accurate DEMs derived from X-band SAR data, 
obtained by the TanDEM-X satellite-radar mission operated by the German Aerospace Center, 
Deutches Zentrum fur Luft und Raumfahrt (DLR). The objective was to improve the eruption 
profile of the TFE, and obtain more rigorous estimates of time averaged discharge rates from the 
volcanic activity during the nine months of the eruption. Although the TanDEM-X data have a 
very high spatial resolution, only twelve DEMs over nine months left large temporal gaps 
between observations over the course of the eruption. Using the thermal anomalies recorded 
from the AVHRR data as evidence of lava flow emplacement and summit effusion, multiple 
AVHRR observations were interleaved between TanDEM-X acquisition points and interpolated 
to form more precise estimates of the magnitude and timing of significant effusive periods. The 
method substantially increased the precision with which the eruption profile of the TFE and 
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Multi-sensor data fusion for remote sensing of post-eruptive 
deformation and depositional features at Redoubt Volcano1
1 Previously published as McAlpin, D., and Meyer, F.J., 2013, Multi-sensor data fusion for 
remote sensing of post-eruptive deformation and depositional features at Redoubt Volcano: 
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1.1 Abstract
Monitoring volcanic activity by remote sensing is an essential component of volcanology. 
Remote sensing includes a variety of different sensing methods and instruments that collect data 
across a wide range of the electromagnetic spectrum. This study presents an overview of the 
improvements that are available to remote sensing imaging with multi-sensor and multi-temporal 
data fusion of optical and radar data, using Redoubt Volcano and related 2009 Drift River lahar 
deposits as a target area. From data acquired by the Panchromatic Remote Sensing Instrument 
for Stereo Mapping aboard the Advanced Land Observing Satellite, high resolution digital 
elevation models were produced and used to generate elevation change maps of Redoubt 
Volcano and the Drift River, and to estimate the volcano's dome volume; these digital elevation 
models were then fused with data from the Advanced Land Observing Satellite's Phased Array 
type L-band Synthetic Aperture Radar to produce differential interferograms demonstrating the 
effect of high-resolution digital elevation models on surface deformation measurements from 
interferometric radar data; and finally, multi-temporal, interferometric synthetic aperture radar 
coherence data were used to plot the boundaries of lahar flows at the distal end of the Drift River 
with high accuracy. These techniques demonstrate: (1) how the fusion of data from multiple 
sensors acquired at multiple temporal intervals can substantially increase the accuracy and 
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precision of remote sensing measurements compared to those from one sensor alone; (2) how 
data fusion techniques can improve remote sensing change detection in areas otherwise ill-suited 
for single sensor observations; and (3) how data subject to temporal decorrelation may be used 
for boundary mapping with high accuracy. In addition to volcanic deformation, these methods 
can be applied to a number of disciplines, and will become more essential as the number of earth 
observing satellites increase.
1.2 Introduction
Surface deformation near volcanoes and measurement of deposits left behind by an eruption 
are major topics of volcano research. Measurement of the thickness, volume, and area of a 
volcano's erupted material is a key element of understanding its magmatic plumbing and the 
capacity of its magma supply. In addition, the nature and extent of secondary effects, such as 
lahars and flash floods are of first order interest to emergency responders, public health officials, 
and others.
Examination of volcanic activity by remote sensing from Earth observation satellites is an 
essential element of modern volcanology. The number of these satellites, along with the 
sophistication and capabilities of the instruments they carry has increased greatly since the first 
Earth Observing satellite, the Earth Resources Technology Satellite (ERTS), also known as 
Landsat-1, was launched in 1972 (USGS, 2003).
Remote sensing instruments for volcanology now cover a wide range of the electromagnetic 
spectrum. Sensors from both space borne and airborne platforms collect data across the optical, 
infrared, microwave, and ultraviolet spectrums, with each instrument generally addressing a 
specific task. Infrared data, for instance, are particularly suited for detecting eruptive activity; 
microwave and interferometric synthetic aperture radar (InSAR) for deformation patterns and 
10
ash detection; ultraviolet (UV) data for gas emissions; visual and infrared (VIR) data for 
thematic mapping, LIDAR for digital surface models, and so on.
Until the early 1990s, remote sensing of volcanic activity was generally the province of these 
single sensor techniques. As the number of satellites and sensors increased, however, and along 
with them the quantity and quality of data, the need to integrate data from different sources and 
at different levels of quality became apparent (Gong, 1994). Moreover, for many applications, 
single-sensor data were either unresponsive or incomplete (Simone et al., 2002).
More recently, fusion of multi-sensor or multi-temporal remote sensing data have become 
more prevalent in volcanology, with the creation of advanced algorithms and processing 
techniques that create increased confidence, reduced ambiguity, improved reliability, and 
improved classification (Rogers and Wood, 1990). Examples include processing of multiple 
synthetic aperture radar (SAR) images into InSAR deformation images (Lu et al., 2000; Rosen et 
al., 2000; Lundgren et al., 2001), InSAR decorrelation imaging to detect topographic modify­
cation (Lu et al., 2005),multiple InSAR images to produce digital elevation models (DEMs) 
(Honikel, 1998; Lu et al., 2003), and integrating SAR and InSAR data with visual and infrared 
(VIR) images to achieve an entire range of products with more information that can be derived 
from each of the single sensors' data alone (Pohl and Van Genderan, 1998; Lu et al., 2010).
In this paper, we use optical, SAR, and InSAR data from the Drift River valley and Redoubt 
Volcano (Redoubt) to demonstrate how fusion of photogrammetrically derived, high resolution 
DEMs were used to identify pre- and post-eruption elevation changes; that fusion of high 
resolution, up-to-date DEMs with InSAR images can significantly improve deformation maps of 
lahar inundated areas; and how decorrelation maps produced by pre- and post-eruption SAR 
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analysis can effectively map the boundaries of a series of lahars that occurred there in March- 
April of 2009.
For purposes of this paper, digital elevation model (DEM) is used interchangeably with the 
related concept of a digital surface model (DSM). DSMs differ from DEMs by taking into 
account surface heights of natural and man-made objects like buildings, trees, and hedges 
(Toutin, 2004). Within the target areas of this study, the difference between DSMs and DEMs 
would have negligible effects. Readers, however, should be aware of this difference when 
contemplating the application of these methods to other areas.
1.3 Background
Redoubt Volcano and the Drift River valley are located in south-central Alaska, approxi­
mately 160 km southwest of Anchorage (Figure 1.1). The Drift River is a braided stream that 
carries a heavy sediment load eastward from the Alaska Range to Cook Inlet. Approximately 37 
km upstream from its Cook Inlet terminus, the Drift River valley is abutted on its south side by 
the piedmont lobe of an informally named “Drift glacier,” which descends the north flank of the 
heavily glaciated, 3108 m high Redoubt Volcano from a breach in its summit crater (Till et al., 
1994). From there, the river flows east to the Cook Inlet, where it forms an arcuate delta just 
north of the Drift River Oil Terminal (DROT), a petroleum storage facility along the coast 
(Figure 1.1).
Redoubt Volcano is one of five volcanoes in the Cook Inlet region, and the second most 
active during historical times (Riehle, 1985). Prior to 2009, historical eruptions occurred in 1902, 
1966, 1967-1968, and 1989-1990, with additional vapor emission episodes observed in 1933, 
1965, and 1967 (Wilson and Forbes, 1969; Miller et al., 1998). The 1989-1990 eruption was a 
relatively large eruption, that, in economic terms, was second only to Mount St. Helens' 1980 
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eruption as the most costly in U.S. History (Tuck et al., 1992). Nearly 19 years later, precursory 
activity in the form of glacier melt, gas emissions, phreatic explosions, and elevated seismicity
Figure 1.1: Topographic map of the Drift River valley, including Redoubt Volcano in south-central Alaska. Red 
rectangles identify location of subsequent figures mentioned in text. Base map provided courtesy of TOPO! © 2011 
National Geographic.
were detected and monitored by the Alaska Volcano Observatory. These precursory events 
continued for seven months, from July 2008 through early March 2009, when, on 22 March 
2009, Redoubt erupted in a series of powerful explosive events. The eruption sent ash to altitudes 
exceeding 18 km, and produced pyroclastic flows and associated lahars that inundated the Drift
River valley (Schaefer, 2012). The explosive phase of the eruption continued for 13 days, during 
which 19 explosive events were observed, and at least two domes formed and collapsed. Water 
and mud from the Drift glacier's melt water filled the river valley, causing flash flooding and 
lahar flows in the Drift River valley (Schaefer, 2012; Bull and Buurman, 2013b).
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The explosive phase of the eruption ended on 4 April 2009 when two explosive events 
created an ash cloud>15 km high, with additional pyroclastic flows, lahars, and the final dome 
collapse of the eruption. Following these events, an effusive stage began as the final dome began 
to form in the summit crater. Dome growth continued through the end of the eruption period on 1 
July 2009 (Schaefer, 2012).
The concerns over lahars, ash fall, and other consequences of a Redoubt Volcano eruption 
are significant. An eruptive event at Redoubt Volcano presents a considerable economic hazard 
to the City of Anchorage, its key transportation and military facilities, and has the potential to 
severely disrupt the area's air travel and commerce. The residential community of Tyonek (pop. 
171) is approximately 110 km north of the Volcano, and the communities of Kenai (pop. 7100) 
and Nikiski (pop. 4493) are located 80 km eastward across Cook Inlet (CIS, 2011). In the event 
of an eruption, accurate information on the distribution and likelihood of lahars, pyroclastic 
flows, and ash fall will be needed to assess the threat to people and property in the vicinity. 
Critical to this type of hazard analysis will be information about past flow behavior, and the 
direction and potential volume of mud, debris, ash, and water that might be expected.
In good weather, two dimensional examination of lahar deposits can be easily accomplished 
by space borne or airborne visible-infrared (VIR) sensors. In coastal areas however, clear 
weather may only rarely coincide with a satellite revisit period, or the availability of very 
expensive aircraft fitted with equally expensive instruments. VIR images are also unable to 
provide deformation or volume data at the centimeter scale needed to examine volcanic deposits.
SAR data are not weather dependent, but the presence of speckle often renders them difficult 
to interpret. Moreover, individual SAR images may suffer from distortions caused by layover or 
foreshortening. To minimize those problems, SAR data acquired at different spatial and temporal 
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intervals may, under certain conditions, be combined into interferometric SAR (InSAR) images 
that detect centimeter-level deformation. Among other conditions, InSAR processing in rapidly 
changing volcanic environments requires high-resolution, up-to-date DEMs of the target area and 
high coherence between SAR images acquired at different times.
To examine lahar deposits in the Drift River valley, to analyze topographic changes of the 
Redoubt edifice associated with its 2009 eruption, and to determine deformation signals due to 
contraction of lahar deposits, image data were used from two separate instruments aboard the 
Advanced Land Observing Satellite (ALOS), launched by the Japan Aerospace Exploration 
Agency (JAXA) in 2006 (Rosenqvist et al., 2007). Optical images were obtained from the 
Panchromatic Remote Sensing Instrument for Stereo Mapping (PRISM), and microwave 
imaging data from the Phased Array type L-band Synthetic Aperture Radar (PALSAR) sensor.
The ALOS-PRISM instrument consists of three independent panchromatic radiometers for 
simultaneous nadir, forward, and backward directions. This configuration results in along-track 
stereoscopy in overlapping three images (triplets), each with 35 km coverage, and horizontal 
resolution at nadir of 2.5 m. This permits processing of PRISM's optical data into highly accurate 
DEMs (Tadono et al., 2004). The ALOS-PALSAR instrument is a fully polarimetric, active 
microwave sensor using L-band frequency to achieve all-weather, day-and-night, land 
observation. In its fine-beam mode, PALSAR offers ground resolution as high as 10×10 m in a 
70 km swath (Rosenqvist et al., 2007).
1.4 Fusion of optical data for DEM generation and topographic change detection
1.4.1 Methods
To produce DEMs of the Drift River valley, radiometrically corrected (PRISM level 1B1) 
triplet images of the target area during pre-eruption and post-eruption time frames were obtained
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from the Alaska Satellite Facility (ASF). The pre-eruption triplet was acquired by PRISM on 21 
September 2007, with a post-eruption triplet acquired on 26 September 2009. Acquisition dates 
for PRISM data may not precisely match time sensitive events, because the optical data require 
cloud-free skies and an absence of seasonal snow cover. Clouds and snow are particularly 
important, because they can obscure tie points necessary for photogrammetry and 
orthorectification. Unavoidable clouds, as well as featureless areas like large snowfields, and 
bodies of water, were masked out of the image to avoid anomalous processing results.
From the triplet data, PRISM-DEMs and panchromatic orthorectified optical images were 
generated simultaneously with “DSM and ORI Generation Software for ALOS-PRISM” (DOGS­
AP) provided by the JAXA Earth Observation Research Center. Processing with DOGS-AP 
consists of two stages: orientation and DSM generation. Orthorectified images (ORIs) are 
optionally produced during DSM generation. Orientation is a relative image orientation using tie 
points (TPs) within the target scene, although an absolute orientation is possible if ground 
control points (GCPs) are available. DSM generation is an area-based, image matching algorithm 
that accounts for image characteristics and PRISM's unique sensor configuration in a semi­
automatic operation (Takaku and Tadono, 2009).
From the two sets of triplets, DOGS-AP produced a DEM and an ORI of the target area for 
each date.
To derive topographic change from the multi-temporal PRISM-DEMs, the processed DEMs 
were converted to GeoTIFF files, stacked, and elevation values of the pre-eruption, 2007 image 
were subtracted from the post-eruption, 2009 image. The result is an elevation change map with 
increases in elevation represented by positive values, and decreases in elevation represented by 
negative values.
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1.4.2 Validation of methods
To evaluate the accuracy of the derived elevation difference product, a validation of 
measurements was performed using test sites whose topography did not change during the period 
of observation. For these sites, elevation differences between pre-eruptive and post-eruptive 
DEMs are expected to be zero and elevation difference measurements can be compared to this 
expectation to determine biases and noise level of the observations. The validation sites were 
selected near the four corners of the DEM area to allow for the identification of potential tilting 
between repeated DEMs.
As shown in Figure 1.2, the distribution of elevation difference measurements within the
validation sites was found to be Gaussian with a mean value, or bias (μΔh), of 11 m and a
Figure 1.2: Distribution of elevation differences between repeated PRISM DEMs. Height differences were analyzed 
for four validation sites located near the four corners of the DEM area that did not show topographic changes during 
the period of observation. The expected difference in the validation sites should be zero, while the actual measure­
ments show a consistent mean difference of ~11 m, and a standard deviation of less than 2 m. The consistency of the 
measurements suggests a constant offset between the DEMs that can be removed in a post-processing procedure. 
The results compare well to a similar study of PRISM-DEM height accuracy by Takaku and Tadono (2009), who 
found bias over varying terrains ranging from -16.44 to 6.93 m, and standard deviations between 4.91 and 8.7 m.
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standard deviation (σΔh) of less than 2 m. Both bias and standard deviation are consistent for the 
four test sites, indicating that no tilting between DEMs could be identified. These results 
compare well to a similar study of PRISM-DEM height accuracy by Takaku and Tadono (2009), 
who found biases over varying terrains ranging from ~16.44 to 6.93 m, and standard deviations 
between 4.91 m and 8.7 m.
The 11 m offset of our measurements can be attributed to uncertainties in the absolute 
position of the instrument's orbit paths, and can be removed by using ground control points in the 
DEM generation process or by subtracting the offset in a post processing step. Ground control 
points were not present in the low elevations of the Drift River valley. To support the 
geophysical interpretation of the elevation difference maps, we have therefore removed the 11 m 
offset using the latter approach.
1.4.3 Geophysical results
1.4.3.1 Summit and dome
An elevation difference map for Redoubt Volcano, representing the difference between pre­
eruption and post-eruption DEMs is shown in Figure 1.3(a). The elevation differences are 
overlain on the post-eruption PRISM-ORI from 2009 and are shown in a color representation 
with dark red corresponding to 100 m of topography increase and dark blue showing 100 m of 
elevation reduction.
As expected, the Drift glacier shows pronounced elevation reduction representing ice loss 
during the eruption. Similarly, a dark blue area of elevation loss in the summit crater reflects 
evacuation of accumulated snow/ice during the explosive eruption phase in March and April of 
2009. The red area on the north edge of the summit crater is new topography produced by growth 
of the final 2009 lava dome. The elevation difference map reflects the dome's maximum change
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Figure 1.3: (a) Elevation change map of Redoubt Volcano and the Drift glacier, produced by subtracting a pre­
eruption DEM dated 21 September 2007, from a post-eruption DEM dated 26 September 2009. The resulting 
pre- and post-eruption elevation differences (color coded), are overlain on a panchromatic orthorectified PRISM 
image. Locations of the crater and dome are outlined in brown. Elevation increases are shown in yellow and 
red; decreases in cyan and blue. (b) Elevation change profile across the summit crater (Transect 1 in a) indicates 
reduced elevation caused by evacuation of accumulated snow/ice during the explosive eruption phase in March 
and April of 2009. (c) Elevation change profile across final 2009 lava dome. Location of profile shown in a 
(Transect 2). These numbers suggest that much of the crater's elevation loss can be attributed to loss of glacier 
ice. Transect 2 (Figure 1.3c) follows the main shoulder of the dome from the southern end in the crater to its 
northern tip on the northern flank of the volcano. Close to 200 m of elevation gain are observed.
in elevation (from the south base to peak) to be a 200 m gain over 850 horizontal meters.
For further analysis, two transects were extracted from the elevation difference data.
Transect 1 (Figure 1.3b), was drawn from the East across the summit crater to provide a 
quantitative measurement of elevation decrease in the crater. Up to 200 m of surface lowering 
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can be measured in this area.
This observation compares well to Trabant and Hawkins (1997), who modeled ice thickness 
near Transect 1 at 135 m to 190 m prior to Redoubt's 1989-1990 eruption..
After the acquisition of the pre-eruption image triplet, but before the final dome began to 
grow on 4 April 2009, at least two previous lava domes were destroyed by explosive eruptions 
(Bull, 2009; Schaefer, 2012; Bull and Buurman, 2013a). The current and final lava dome is built 
on top of what remains of the first two domes. Consequently, where the new dome starts and the 
previous domes end is unknown. Likewise, the geometry of the final dome's underside is 
unknown, and whether its shape is flat, oblate, prolate, mushroom shaped, or some other 
variation may significantly affect its inferred volume. Because of these geometric uncertainties, a 
volume estimate of Redoubt's dome based on morphology requires some relatively broad 
underlying assumptions. In this study, we assume that the dome's basic shape is roughly that of a 
prolate spheroid, with a flat underside.
The volume, V, of a prolate spheroid is 4∕3πα2c, where a is the horizontal radius at the 
equator, and c is the vertical conjugate radius (Wolfram|Alpha, 2011). Measurements of the 
dome indicate an equatorial radius of 250 m and a polar radius of 514 m. Using a multiplier of 
0.5 to account for the flat underside, the result is a geometric volume of 67.2×106 m3. Although 
this is clearly a basic estimate, it compares favorably with estimates of 68×106 m3 from Bull 
(2009), 65.7×106 m3 from Dehn (pers. comm., 2012), and 72×106 m3 from Diefenbach et al. 
(2013), and Bull and Buurman (2013b).
These results show that repeated DEMs generated from space borne platforms are generally 
useful to monitor a variety of surface changes at active volcanoes. As optical sensors such as 
ALOS PRISM require cloud free imaging conditions, latency times until a post-eruptive DEM 
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can be acquired vary with conditions. If required, DEM time series can be augmented with other 
stereo-optical systems such as IKONOS and SPOT5 or by adding DEMs from radargrammetric 
analysis of SAR images.
1.4.3.2 Drift River lahars
As described earlier, the 2009 eruption of Redoubt produced significant lahars in the Drift 
River valley. We obtained three pre- and post-eruption PRISM triplets that cover the larger Drift 
River vicinity (acquired by PRISM on 21 September 2007 and 26 September 2009, respectively), 
starting at the Drift glacier's piedmont lobe in the west, to the river's eastern terminus in Cook 
Inlet. From these triplets, separate 2007 and 2009 DEMs were processed with DOGS-AP, and 
mosaicked together into single datasets. Subtracting the 2007 DEM from the 2009 DEM 
produced the elevation change map shown in Figure 1.4. In this figure, the elevation changes 
were color coded and overlain on the post-eruption PRISM-ORI from 2009.
Figure 1.4 provides important detail on the spatial elevation change patterns that remain from 
the lahar deposition period. Dark blue patterns represent areas where a combination of lahar flow 
and post-eruptive incision has caused local reduction of surface elevation. The data indicate 
significant deposition of 0.5-2.5 m (green to yellow) over a preponderance of the valley, with a 
mean elevation increase of 1.5 m between the piedmont lobe and the river delta. These 
measurements are in rough agreement with field estimates of Waythomas et al. (2013) and 
(Schaefer, 2012).
In a more localized area, a narrow gorge at the base of the Drift glacier reduced to bedrock 
by the 23 March 2012 lahar (Waythomas et al., 2013), the data show scour of more than 20 m 
(blue), while slightly east of the Drift glacier's piedmont lobe, there are localized areas of 
deposition up to 20 m (red). It can be assumed that most of this deposition is attributable to the
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2009 lahars. There is, however, some uncertainty with respect to the elevation of the river bed
both prior to the 2009 lahars, and later, between the lahars and the measurement date of 29
Figure 1.4: Elevation difference map of the western Drift River valley produced by subtraction of a mosaic of pre­
eruption DEMs acquired on 21 September 2007, from post-eruption DEMs acquired on 26 September 2009. Shades 
of green, yellow, and red indicate elevation increases up to 20 m (red) between the two dates. Negative differences 
corresponding to scour appear as cyan and blue, to a decrease of 20 m. The elevation difference map provides great 
detail on the main flow patterns of the lahar, with dark stream patterns representing areas where most
September 2009. As Waythomas et al. (2013) point out, surface changes would be overstated if 
the riverbed was incising before peak flows began, and understated if the channel floor was 
aggrading before the peak flows began.
1.5 Fusion of optically-derived DEMs with InSAR for deformation detection 
1.5.1 Methods
InSAR combines two or more SAR images acquired from almost identical locations to 
calculate phase differences. These phase differences, commonly referred to as interferometric 
phase, are a measurement of the path length differences between the positions of the radar 
antennas at the acquisition times and a resolution cell on ground. Conventionally, these path 
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length differences can be largely attributed to either topographic height differences, depending 
on the relative positions of the SAR antennas, or to surface deformation.
To use InSAR for mapping surface deformation, the influence of surface topography on the 
observed phase measurements is removed in a process called differential SAR interferometry (d- 
InSAR). Conventionally, a reference elevation model is used to construct a synthetic topographic 
interferogram and remove it from the observed interferogram, resulting in a differential, 
topography-free interferogram. Time series analysis of stacks of multi-temporal differential SAR 
interferograms can then be used to monitor centimeter scale surface deformation over long time 
spans and with high spatial resolution. The potential of InSAR for monitoring geodynamic 
processes has been proven in the last decade by a wealth of studies where InSAR data were used 
for monitoring volcanic inflation (Amelung et al., 2000; Lu et al., 2000; Hooper et al., 2004), 
tectonic deformation (Wright et al., 2003; Chlieh et al., 2004; Ryder et al., 2007), surface 
subsidence in inner-city areas (Hoffmann et al., 2001; Meyer et al., 2007; Stramondo et al., 
2008), oil exploration (Fielding et al., 1998), and landslide progression (Singhroy et al., 2007).
To analyze surface deformation associated with volcanic activity at Redoubt, ALOS- 
PALSAR single-look complex (SLC) data were obtained from ASF in multi-temporal InSAR 
stacks with the same beam mode, look angle, and bandwidth. Eighteen initial PALSAR images 
of the Drift River valley were obtained with a range of dates from 7 December 2006 through 18 
December 2010 (Table 1.1 and Figure 1.5). From these eighteen images, two separate d-InSAR 
stacks were processed using the GAMMA RS software. The first d-InSAR stack (Subset 1 in 
Figure 1.5), was selected using only image sets spanning the eruptive period between 22 March 
2009 and 4 April 2009. This stack was used to determine extent and boundaries of lahars. A 
second d-InSAR stack (Subset 2 in Figure 1.5), was created only from post-eruption acquisitions, 
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and was used to determine average surface deformation rates once the lahar was emplaced. To 
maximize interferometric coherence and to minimize the effects of DEM errors on surface 
deformation estimates, a maximum interferometric baseline of 1.5 km, was imposed on all 
interferometric pairs.
Table 1.1: Details of PALSAR data obtained from the Alaska Satellite Facility. All images were 
acquired on ascending orbits, path 266. Off-nadir angle is 34.3°. Sensor mode is Fine Beam Dual 
Polarization (FBD) or Fine Beam Single Polarization (FBS) as indicated. Images marked with an 
asterisk denote post-eruption acquisition dates.



















Based on these criteria, a total of nineteen interferograms were produced: ten post-eruptive, 
and nine spanning the eruptive period. The post-eruptive data stack spans a period of fourteen 
months between July 2009 and September 2010. After compensating for topographic phase 
components, both data stacks were processed using a small baseline subset (SBAS) time-series 
analysis algorithm as described by Berardino et al. (2002) in order to determine surface 
deformation signals. SBAS provides convenient methods for the mitigation of the effects of 
atmosphere and for orbital uncertainties (Lee et al., 2010).
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Figure 1.5: Time-baseline diagram of SAR data used for small baseline subset (SBAS) processing near 
Redoubt Volcano Circles identify SAR acquisitions by their acquisition date and spatial baseline relative to 
PALSAR image ALPSRP133511210 acquired on 27 July 2008. Lines indicate interferograms formed from 
the available acquisitions. Two different interferogram subsets were formed for SBAS processing. Subset 1 
(solid lines), consists of image pairs that cross the explosive eruptive period and was used to map the extent 
of emplaced lahars. Subset 2 (dashed lines), contains only post-eruptive images, and was used to map cm- 
scale lahar deformation after the end of the explosive phase of the 2009 Redoubt eruption. Acquisitions not 
connected by lines were excluded from the InSAR analysis due to long spatial baselines, strong seasonal 
decorrelation effects, or both.
Correction of topographic phase components is a critical step in d-InSAR processing because 
residual topographic phase signals can lead to biases in surface deformation estimates. Although 
methods exist to remove residual topographic phase from time series of d-InSAR data (e.g.,
Lanari et al., 2004), these require the spatial baselines within a d-InSAR stack to be random in 
time.
Time correlated spatial baselines, a characteristic typical of ALOS PALSAR (Samsonov, 
2010), can be observed can be observed in Subset 2 of our SAR data stack (Figure 1.5), and 
render methods for mitigating residual topographic signals ineffective. In these circumstances, 
high quality, up-to-date topographic information mitigates the effect of residual topographic 
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phase, and becomes imperative for precision d-InSAR analysis. To demonstrate the benefit of 
fusing up-to-date information from multiple sensors on the sensitivity and accuracy of d-InSAR- 
based deformation monitoring, each of the d-InSAR stacks were processed in two separate runs.
In the first processing run, referred to here as the reference run, correction of topographic 
phase terms was attempted using a DEM obtained from the National Elevation Dataset (NED) 
(Figure 1.6). While in many areas DEMs derived from the Shuttle Radar Topography Mission
Figure 1.6: Interferometric deformation map with topographic phase terms corrected with a DEM 
obtained from the NED, and shown overlain on an EO-1/ALI visible-light image acquired on 4 April 2009. 
The horizontal resolution of the NED in Alaska is limited to 2 arc seconds, or ~60 m. This relatively coarse 
resolution, combined with infrequent updates to the NED dataset, likely result in differences between an 
NED-DEM and the actual topography. The associated errors in topographic phase correction cause biases 
in estimated surface deformation rates of about -10 to-20 cm yr-1 in this non-deforming area.
(SRTM), have a higher, 30 m resolution, they are not available for latitudes above 60°N (van
Zyl, 2001). DEMs obtained from the NED have the advantages of low cost, high availability, and 
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wide coverage, which make them a popular data source for d-InSAR processing. NED-DEMs, 
however, are not always optimum for topographic analysis. Their horizontal resolution in Alaska 
is limited to 2 arc seconds, or approximately 60 m (Gesch et al., 2009), and infrequent updates 
likely result in differences between the DEM and current topography, especially in rapidly 
changing fluvial and coastal environments. This dataset, therefore, was used primarily as a 
reference point.
In the second processing run, a fusion of up-to-date information from multiple satellite 
sensors was attempted, whereby topographic correction of the InSAR phase was based on the 
previously derived PRISM-DEMs (Figure 1.7). These DEMs, with much greater horizontal 
accuracy and availability for both pre- and post-eruption time frames, allowed every 
interferogram to be corrected with the most appropriate (in time) topographic signal, and to 
therefore improve the sensitivity and accuracy of InSAR-derived deformation estimates.
1.5.2 Performance assessment of fusion approach
To assess the performance of the data fusion process, estimates of surface deformation rates 
were derived for an area including the eastern end of the Drift River valley and the Drift River 
Delta using the ten post-eruptive interferograms that were processed with both reference and 
PRISM-derived DEMs. The resulting surface deformation rates were then compared to GPS 
observations for validation.
Available GPS observations in the study area were obtained from a local network of 14 GPS 
benchmarks described by Grapenthin et al. (2013). Two of these 14 GPS stations are located in 
the direct vicinity of the area of interest and are used for validation. These stations include a 
permanent station (station ID AC17) and a campaign station (QRRY) that was occupied both 
before and after the eruption.
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Figure 1.7: InSAR-derived surface deformation map with topographic phase terms corrected with a DEM 
producedphotogrammetrically from PRISM data, and shown overlain on an EO-1/ALI panchromatic 
image. The greater resolution and higher accuracy of the PRISM data reduced biases in surface 
deformation rate estimates significantly compared to the results shown in Figure 1.6.
After a global trend model was removed from the data, the GPS observations revealed only a 
slight, localized, mostly vertical subsidence signal of ~2.1 cm±0.9 cm over a time frame of two 
years at station QRRY (Grapenthin et al., 2013). This signal, however, was confined to
Estimated average surface deformation rates for the validation site were calculated based on 
the NED-DEM and the PRISM DEM shown in Figures 1.6 and 1.7, respectively. Surface 
deformation rates for this area should be close to zero and deviations from zero indicate biases of 
the applied method. Figure 1.6 suggests significant surface deformation with broad patterns of 
subsidence ranging from 5 cm to 25 cm. Coach Butte is characterized by a discernible 20 cm 
subsidence (blue) around its circumference. These effects, however, are an artifact produced by 
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residual topographic signals in the differential interferometric phase; the topography surrounding 
Coach Butte was too steep to be represented by the NED-DEM's coarse resolution, and due to 
the time correlated spatial baselines in d-InSAR Subset 2, the residual topographic phase signal 
could not be separated from deformation-related signals. In contrast to Figure 1.6, Figure 1.7 was 
produced with the higher resolution and more current PRISM-DEM, and gives substantially 
different results. Areas of subsidence as high as 25 cm in Figure 1.6 are reduced to a range from 
5 cm yr-1 to ~10 cm yr-1 in Figure 1.7 and are significantly closer to the expected value of zero. 
Probability density functions (PDFs) of topographic deformation rate estimates from NED-DEM 
and PRISM-DEM-based processing (Figure 1.8), further confirm these results. When based on 
the NED-DEM, the mean surface deformation rate (μNED), corresponding to an apparent
Figure 1.8: Probability density functions (PDFs) for surface deformation 
estimates based on NED-DEM (solid line) and PRISM-DEM (dashed line). 
Surface deformation estimates are given in cm yr-1 and were determined 
from post eruption interferogram pairs with an average surface deformation 
of 0 cm yr-1 (Subset 2 in Figure 1.5). Smaller standard deviation and mean 
values indicate the improved results obtained from PRISM based DEMs.
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surface subsidence signal, was ~10.5 cm yr-1 in the validation area. A relatively large standard 
deviation (σNED) of 4.2 cm/year further indicates strong variability of these measures within the 
region. The mean surface deformation rate using the PRISM DEM (μPRISM), on the other hand, 
improved to ~2.1 cm/year, with a much reduced standard deviation (σPRISM) of 1.8 cm/year.
1.5.2.1 Comparison of InSAR-derived and GPS-derived deformation rates
An InSAR-derived deformation time series for GPS campaign station QRRY is shown in
Figure 1.9 (area “A” and time series “A” in Figure 1.9). Deformation rates were averaged for the 
Figure 1.9: Post-lahar deformation in the eastern Drift River area. The deformation signals were 
detected by ten interferograms produced between 30 July 2009 and 18 December 2010, after 
lahars were emplaced 23 March 2009 through 4 April 2009. Black and gray areas were 
decorrelated in the interferograms; yellow, orange, and red areas represent contraction of lahar 
deposits from evaporation of interstitial water and settling. Deformation time series for three areas 
are plotted on the left. Area 1, which was clearly affected by lahars, shows the post-eruption 
contraction of lahar deposits, most likely caused by melting of an ice rich lahar that is buried 
underneath a later, less ice rich, deposit. Area 2, the location of the large petroleum storage tanks 
at the DROT, was protected by a surrounding dike, and was unaffected by the lahars. As expected, 
the time series plots for Area 2 show an absence of deformation. Area “A” is centered on the 
position of campaign GPS station QRRY, and is used to compare InSAR and GPS measurements.
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30 InSAR points closest to station QRRY. Using InSAR, a linear surface deformation rate of 
~1.5 cm yr-1 was determined, which matches the GPS-based deformation measurement (~1.1 cm 
yr-1) within the accuracy of the two measurement types. The excellent fit of the PRISM-aided 
InSAR results to GPS and the vast improvement over the use of other DEMs indicates both the 
benefit of multi-sensor fusion and the high performance of InSAR-based deformation 
monitoring.
1.5.3 Geophysical results
Based on the PRISM-DEM and using the stack of ten post-eruption interferograms, the lahar 
deposits in the Drift River valley were analyzed for potential localized subsidence signals. In 
areas where thick layers of material were deposited, compaction and evaporation of interstitial 
water can lead to surface contraction sufficient for measurement with InSAR techniques. Figure 
1.9 shows post-eruption deformation of the lahar surface for an area in the lower Drift River 
valley. An overlay of the deformation map (color) over a panchromatic optical light image from 
the Advanced Land Imager (ALI) aboard the Earth Observer-1 (EO-1) satellite is shown. Black 
regions in the ALI-image correspond to areas covered by the lahar deposits. Areas without 
deformation information were decorrelated to an extent that no surface subsidence signal could 
be derived. Sufficient coherence was present over extended areas however, and surface 
subsidence signals of 0.5 cm yr-1 to 20 cm yr-1 were obtained.
While extended areas of the lahar-covered region show only small subsidence rates of 5 cm 
yr-1 or less (indicated by shades of yellow and orange in Figure 1.9), some isolated areas were 
subject to enhanced subsidence. Up to 20 cm yr-1 subsidence was found on the western edge of 
the Drift River Delta and approximately 10 cm yr-1 are evident in an area northeast of the DROT 
(area “1” in Figure 1.9; the DROT is located at the bottom right in Figure 1.9). A deformation 
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time series for the latter area is shown at the top left of Figure 1.9. Linear surface subsidence
with a rate of 10.2 cm yr-1 is observed. As these deforming areas coincide with localized 
depressions, it is believed that thicker ice rich lahar deposits in this area that were emplaced on 
23 March 2009 and later buried by deposits on 4 April (Waythomas et al., 2013). As the buried 
deposits melted out, larger, compaction-related subsidence signals were produced. Other notable 
features of Figure 1.9 includes a 10 cm yr-1 subsidence signal for a small area near the DROT 
runway as well as a 0 cm/year deformation of the DROT buildings and installations (area “2” in 
Figure 1.9). The deformation time series for the DROT buildings is shown at the bottom left of 
Figure 1.9. The close to 0 cm yr-1 deformation is a good match to the expectation of no 
significant deformation of this area within the observation time (400 days). This provides 
additional evidence of the precision and accuracy of the applied technique.
1.6 Fusion of multiple coherence maps for change detection
1.6.1 Method
Coherence is a measure of similarity between two spatial images. Besides being the basis for 
deriving accuracy measures of InSAR phase measurements, coherence analysis is also a 
powerful tool for change detection. Therefore, coherence maps were used in this study to map 
the extent of lahar deposits associated with the 2009 Redoubt Volcano eruption.
A loss of InSAR coherence is often referred to as decorrelation (Lu et al., 2010). Many 
sources of decorrelation can be identified, including (a) geometric decorrelation, caused by a 
difference in look angles between two acquisitions; (b) volume decorrelation, caused by 
penetration of the radar wave in the target surface; (c) Doppler centroid decorrelation, caused by 
differences in the Doppler centroids between acquisitions; (d) temporal terrain decorrelation, 
caused by physical changes in the target surface; and (e) processing induced decorrelation, which 
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result from anomalies in the chosen algorithms (Hanssen, 2001). Normally, decorrelation is a 
limiting factor in InSAR analysis. However, low coherence has been previously used to for 
feature identification in glaciology applications (Li et al., 2001; Weydahl, 2001; Atwood et al., 
2010), and analysis of lava flows (Zebker et al., 1996).
Due to the various influences that can contribute to signal decorrelation, the decorrelated 
regions in an individual InSAR coherence image are a combination of pixels that decorrelate 
permanently and pixels that show only sporadic decorrelation. Permanent decorrelation is due to 
physical changes of the surface as a consequence of cultivation, land cover and land use change, 
melting of ice sheets, as well as natural disasters such as earthquakes, volcanoes, and landslides. 
Sporadic decorrelation may be linked to short term changes of scattering conditions (e.g., 
seasonal effects, temporal increase of soil moisture, or freeze-thaw cycles) or unfavorable 
observation geometries such as long interferometric baselines. To robustly identify the extent of 
flow features from coherence analysis, we therefore propose a multi-image approach, where, 
from a stack of multiple coherence images, we identify those pixels that decorrelate permanently 
from those that only show only temporal coherence reduction.
To succeed in mapping flow feature extent, coherence images were calculated for the nine 
interferograms with a pre- and post-eruption temporal interval (Subset 1 in Figure 1.5). Based on 
a 5×5 estimation window and a coherence threshold of 0.25, pixels in every coherence image 
were classified as “correlated” or “decorrelated,” and the resulting nine classification masks were 
stacked. Because a fundamental assumption in repeat pass InSAR is that surface scattering 
characteristics remain undisturbed (Lu, 2007), it follows that areas of lahar deposits will 
decorrelate permanently in the pre- and post-eruptive InSAR data. Therefore, a flow feature 
candidate mask was created from pixels that were decorrelated in all nine images. Combining 
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information from a series of coherence images reduces the influence of temporarily decorrelated 
areas that are absent in areas of lahar deposition, and produces a significantly improved lahar 
mask. A further refinement of the flow feature candidate mask follows the approach of Atwood 
et al. (2010) to fill holes and remove small noise patches. In a final step, the outline of the flow 
feature mask is extracted and converted to a shape file to be used in mapping applications.
1.6.2 Geophysical results and validation of methods
Figure 1.10 shows the outline of the Drift River lahar as determined by the coherence-based 
method described above. The outline is shown in red and is overlain over a panchromatic optical 
light image from the EO-1/ALI instrument. This image was acquired on 4 April 2009 following 
the final explosive episode of the 2009 Redoubt eruption. Lahar deposits are, therefore, easily 
identifiable as black regions in the EO-1/ALI image, and can be used as a reference to validate 
the coherence-based approach.
A comparison of the coherence-derived lahar outline with the lahar deposits in the EO-1/ALI 
image shows remarkable correspondence with only minor differences in isolated areas. Major 
branches of the lahar fan were reproduced well by the mask, and more detailed signatures, like 
the flow of the lahar around the DROT, were clear and well preserved. These results confirm the 
usefulness of fusion of multiple SAR data for the analysis of volcanic eruptions.
Besides the high accuracy of the lahar mask as indicated by the results in Figure 1.10, it is 
important to point out that the coherence-based approach is effective in all weather, day or night 
conditions, both of which are among the main limitations of optical and thermal techniques. 
Adding SAR data to the list of routinely used remote sensing tools therefore, has great potential 
to improve the reliability and timeliness of remote sensing-based volcanic information, 
especially in cloudy conditions.
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Figure 1.10: Lahar deposit on the Drift River Delta shown in a panchromatic EO-1/ALI image from 4 April 
2009. Dark areas are lahar deposits. Red outline is the border of a flow-feature mask independently determined 
by automatically extracting decorrelation boundaries from a stack of nine interferogram pairs that span the lahar 
emplacement period of 23 March 2009 through 4 April 2009. Significant agreement between the visible lahar 
boundaries and areas of decorrelation confirm the potential usefulness of multiple SAR datasets for the analysis 
of volcanic deposition.
1.7 Conclusions
The results of this paper demonstrate how products from multiple sensors can be used to 
obtain measurements and details of volcanic deformation with greater accuracy and higher 
resolution than is achievable with a single sensor. Three different approaches for multi-sensor 
data analysis were tested for their performance.
In the first approach, optical PRISM data were used to develop high-resolution DEMs of the 
Redoubt Volcano and Drift River valley. These multi-temporal DEMs were fused, and used to 
examine deformation caused by lahar deposits and scour, and to make an estimate of the 2009 
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Redoubt lava dome. In examples it was shown that multi-temporal PRISM DEM information can 
be used to detect meter-scale changes in surface topography on volcanic edifice.
A second approach fuses PRISM-DEMs with microwave PALSAR data to demonstrate the 
utility of multi-sensor differential interferograms and produce cm-accurate deformation maps of 
lahars in the Drift River valley. Here, it was specifically demonstrated that accurate and up-to- 
date DEM information is indispensable if precision surface deformation information is to be 
extracted shortly after an eruption and from a low number of datasets.
Finally, an algorithm for mapping outlines of lahar deposits from multi-temporal coherence 
maps was presented. To the knowledge of the authors, the developed algorithm is unique in that 
it takes full advantage of all available coherence information in several post eruptive InSAR 
pairs to reduce noise and false alarms in automatic lahar mask creation. In an application of this 
technique to Redoubt volcano, accurate maps of lahar deposits were produced that conformed 
well to the extent of lahar deposits imaged by the EO-1/ALI satellite on 4 April 2009.
These results were primarily obtained using data from the PRISM and PALSAR instruments 
aboard the ALOS satellite. Although power anomalies forced the ALOS mission to terminate on 
12 May 2011(JAXA, 2011), the advantages of multi-sensor data fusion to improve elevation 
change detection are well demonstrated. This is of particular importance, given that the number 
and capacity of earth observing satellites and sensors can only be expected to grow in the future. 
Over the next 15 years, the Committee on Earth Observation Satellites (CEOS) reports that its 
member agencies are operating or plan to operate 260 earth observing satellites with more than 
400 different instruments (CEOS, 2011). This increase in data will present numerous 
opportunities to extend these results into other disciplines, and to increase the accuracy and 
precision of satellite remote sensing in volcanic applications.
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Pyroclastic flow deposits and InSAR: analysis of 
long-term subsidence at Augustine Volcano, Alaska1
1 Previously published as McAlpin, D., Meyer, F., Gong, W., Beget, J., and Webley, P., 2017,
Pyroclastic flow deposits and InSAR: analysis of long-term subsidence at Augustine Volcano,
Alaska: Remote Sensing, v. 9, p. 4, doi: 10.3390/rs9010004.
2.1 Abstract
Deformation of pyroclastic flow deposits begins almost immediately after emplacement, and 
continues thereafter for months or years. This study analyzes the extent, volume, thickness, and 
variability in pyroclastic flow deposits on Augustine Volcano from measuring their deformation 
rates with interferometric synthetic aperture radar. To conduct this analysis, we obtained 48 
synthetic aperture radar images of Augustine Volcano acquired between 1992 and 2010, 
spanning its most recent eruption in 2006. The data were processed using differential 
interferometric synthetic aperture radar time-series analysis to measure the thickness of the 
Augustine pyroclastic flow deposits, as well as their surface deformation behavior. Because 
much of the 2006 pyroclastic flow deposits overlie those from the previous eruption in 1986, 
geophysical models were derived to decompose deformation contributions from the 1986 
deposits underlying the measured 2006 deposits. To accomplish this, we introduce an inversion 
approach to estimate geophysical parameters for both 1986 and 2006 pyroclastic flow deposits. 
Our analyses estimate the expanded volume of pyroclastic flow material deposited during the 
2006 eruption to be 3.3×107 m1 *3 ± 0.11×107 m3, and that pyroclastic flow deposits in the 
northeastern part of Augustine Island reached a maximum thickness of ~31 m with a mean of ~5 
m. Similarly, we estimate the expanded volume of pyroclastic flow deposits from the 1986 
eruption at 4.6×107 m3 ± 0.62×107 m3, with a maximum thickness of ~31 m, and a mean of ~7 m.
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2.2 Introduction
Interferometric synthetic aperture radar (InSAR) is well established as a means for identifying 
terrain deformation associated with volcanic activity (Gabriel et al., 1989; Massonnet and Feigl, 
1998; Mouginis-Mark and Domergue-Schmidt, 2000; Rosen et al., 2000; Masterlark and Lu, 
2004). InSAR processing can be used to measure changes in the surface deformation with 
centimeter to sub-centimeter accuracy at regional scales as terrains inflate and deflate with 
subsurface magma intrusion and extrusion (Rosen et al., 1996; Zebker et al., 2000), and also at 
local scales as post-eruptive materials subside through compaction, degassing, and other 
mechanisms (Sheridan and Ragan, 1975; Riehle et al., 1995).
All eruptive materials are subject to localized deformation, with each material having its own 
particular characteristics Common examples of these characteristics are observed in lavas and 
pyroclastic flow deposits. Lavas are flows of magma that have erupted at the Earth's surface 
effusive volcanic activity (Cas and Wright, 1987). Pyroclastic flows are produced by more 
violent explosive activity or gravitational dome collapse (Williams and McBirney, 1979). They 
can be described, generally, as hot, gravity controlled, rapidly moving flows of high particle­
concentration ash and gas, and, in some instances, may be partly fluidized (Cas and Wright, 
1987). They are the high-solids end member of the more broadly defined pyroclastic density 
currents, which include a mixture of both pyroclastic flows and a more dilute, highly turbulent 
end member called a pyroclastic surge (Vallance et al., 2010).
Most eruptive products, especially lava, pyroclastic flow deposits, and pyroclastic surge 
deposits, are not static once emplaced. Vertical displacement continues within each (Briole et al., 
1997; Stevens et al., 2001; Lu et al., 2005), albeit at different rates based on individual rheology 
and susceptibility to erosion and compaction. Vertical displacement of this nature can be 
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accurately measured with InSAR, which in turn provides clues to the materials' thermo­
mechanical. This paper is concerned with pyroclastic flow deposits (PFDs). But pyroclastic flow 
processes are highly complex; consequently, no single description of their deposits satisfies all 
conditions. As Williams and McBirney (1979) observed, “many classifications of pyroclastic 
flows have been proposed, but none is without its deficiencies”, and Schmincke (2004) added, “a 
well-documented general discussion of the many terms and genetic concepts for the origin of 
pyroclastic flows and their deposits covering the last 100 years would require a long chapter on 
its own.” Over decades of research, pyroclastic flows have been variously described as nuee 
ardentes, glowing avalanches, incandescent tuff flows, ash flows, sand flows, and block-and-ash 
flows, and related deposits as PFDs, ignimbrites, ash-flow tuffs, and welded tuffs, to name a few. 
Regardless of nomenclature, however, the underlying commonality is that each represents an 
unconsolidated deposit laid down at high temperature (Williams and McBirney, 1979).
In this paper, pyroclastic flow deposits (PFDs) describe deposits of unconsolidated rock and ash 
from the high-solids end member of a pyroclastic density current, regardless of its origin, 
mechanism of transport, or particle concentration (Vallance et al., 2010). More specifically, we 
examine the thickness and long-term deformation of PFDs at Augustine Volcano, Alaska, and 
present methods that can be used to determine those parameters from InSAR measurements 
acquired between 1992 and 2010, and to model the thickness of the historical 1986 PFD that 
underlies the observable 2006 deposits.
Augustine Volcano (Figure 2.1) was selected for this work because its eruption history is 
both frequent and relatively recent. Moreover, its last two eruptions, in 1986 and 2006, resulted 
in significant PFDs on its north flank, as shown in Figure 2.2a,b. This layered deposition requires 
observation of deformation behavior in two overlying generations of PFDs. Although this is a
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condition commonly found at active volcanoes, it complicates measurements of surface
deformation, because any such measurement will contain the combined effect of a number of
Figure 2.1 Augustine Island (59°21.6'N, 153°25.9'W) and the Cook Inlet vicinity of south­
central Alaska. Volcanoes described in the text are marked by green triangles; populated places 
by red circles. Contour line interval is 100 m.
superimposed PFDs. Analyzing one individual deposit, therefore, is not possible from direct 
measurements alone. To solve this issue, we use a combination of long-term InSAR observations 
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and basic geophysical models to decompose contributions from several generations of overlying 
PFDs and derive specific geophysical information. At Augustine Volcano, SAR data suitable for 
interferometry are available from June 1992 to October 2005, from March 2006 to April 2007, 
and from July 2007 to October 2010, spanning its most recent eruption in 2006. By using these 
data in combination with geophysical models, we were able to project deformation rates back to 
pre-SAR periods from 1986 to 1992 and estimate original thickness and long-term subsidence 
rates for PFDs related to Augustine Volcano's two most recent eruptions in 1986 and 2006.
Figure 2.2 The north flank of Augustine Island with pertinent deposits from the 1986 and 2006 eruptions. From 1986 (a): 
86l—Lithic PFD; 86g—Dome agglutinate and proximal fall; 86p—Deposits from pumacious pyroclastic flows, mixed 
flows, and lahars (modified from Waitt et al. (2009)). From 2006 (b): Cpf—Continuous phase PFDs; Cpc—Continuous 
phase pyroclastic current deposits; Cpfw—Windy PFD; RPpf—Rocky Point PFD; Expc—Explosive-phase pyroclastic 
current deposit; Expf—Explosive-phase PFD; Expct—Thin explosive-phase PFDs (modified from Coombs et al. (2010b)). 
Contour lines at 50 m.
Consistent with previous observations of PFDs (Rowley et al., 1981; Masterlark et al., 2006), 
we found that PFDs from the 2006 eruption rapidly subsided for an initial post-emplacement 
period, before slowing to a more persistent and linear long-term rate. For Augustine, we found 
that the initial post-emplacement period was about six months and the long-term subsidence rate 
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was proportional to the deposits' thickness, which allows for the assessment of deposit thickness 
from measured subsidence rates and vice versa.
2.3 Augustine Volcano
Augustine Volcano is located in Cook Inlet, Alaska, approximately 285 km southwest of 
Anchorage (Figure 2.1). It completely occupies its namesake Augustine Island, an 8 km × 11 km, 
uninhabited island of pyroclastic debris surrounding a central dome complex. It is the youngest 
and most active of five historically active volcanoes in the Cook Inlet area, which, besides 
Augustine, include Mt. Spurr, Redoubt Volcano, Iliamna Volcano (Riehle, 1985), and most 
recently Fourpeaked Mountain, which experienced a minor eruption in 2006 (Zielinki, 2006; 
Neal et al., 2008).
Since its discovery by James Cook in 1778 (Kienle and Shaw, 1979), Augustine Volcano has 
had major eruptions in 1883, 1908, 1935, 1964, 1976, 1986, and 2006 (Power and Lalla, 2010). 
Its 1883 eruption, the first to be contemporaneously documented, is also considered its most 
violent (Yount et al., 1987; Miller et al., 1998). It began on 6 October 1883, when an edifice 
collapse extended the north coastline of the island by 2 km (Waitt and Beget, 2009), and a 
resulting debris avalanche, which extended another 2.5 km into Cook Inlet (Siebert et al., 1989), 
caused a tsunami in the range of 6 m to 9 m at the English Bay settlement, 85 km to the west 
(Davidson, 1884; Beget and Kowalik, 2006), Figure 2.1 (English Bay was renamed Nanwalek on 
12 July 2007 by the USGS Board of Geographic Names (GNIS, 2007); the name English Bay is 
used here for continuity with previous work). Contemporaneous accounts describe the English 
Bay tsunamis destroying fishing boats and inundating houses (Davidson, 1884), and accom­
panying ash falls were sufficient to bury Aleut barabaras, the communal houses of the Aleuts 
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and some Inuit bands of native Alaskans (from 1898 field notes of J.A. Spurr, quoted by Kienle 
et al., 1987).
Over the next 123 years, through 2006, Augustine erupted on least six occasions, with 
significant pyroclastic flows occurring in 1964, 1976, 1986, and 2006. Each of these eruptions 
were similar in nature and composition, beginning with an initial explosive phase (VEI ~3), 
followed by a period of decreasing intensity, and finally, an effusive, dome building phase 
(Cervelli et al., 2006; Power et al., 2006; Coombs et al., 2010a). Although Augustine has had 
four eruptions in the past 50 years, this paper examines the two most recent eruptions in 1986 
and 2006. This was a practical limitation, because civilian Earth-Observing radar imaging 
satellites suitable for interferometry, were not available before the launch of ERS-1 (Curlander 
and McDonough, 1991). In any case, by the time SAR satellite data were available, much of 
Augustine's pre-1986 eruptive products had been overlain by its subsequent eruption.
2.3.1 The 1986 eruption and its PFDs
The 1986 eruption began 27 March and continued with three main episodes, from 27 March- 
2 April; from 23-28 April; and 22 August-1 September (Yount et al., 1987). A large andesitic 
dome resulting from the eruption engulfed a dome emplaced in 1976, which had, in turn, 
incorporated part of a 1935 dome and all of the 1883 dome (Waitt and Beget, 2009). In the first 
and most explosive episode of the eruption, a nearly continuous ash plume reached altitudes of 
4.6 km above sea level (ASL), while explosions generated episodic ash clouds up to 12.3 km 
ASL. Hundreds of pyroclastic flows extended down the north and northeast flanks, with the 
largest of these reaching Cook Inlet, to the west and east of Burr Point, some 5 km from the 
summit vent (Yount et al., 1987). Early in the eruption, these flows were rich in pumice. In latter 
stages, dome collapse events created more lithic pyroclastic flows of dome rock (porphyritic 
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andesite), leaving a broad fan on the north flank, downslope from the 1986 dome (Waitt and 
Beget, 2009) (Figure 2.2a). Pyroclastic flows continued during the late April and August 
episodes of the eruption, but these were greatly reduced in number and on a smaller scale. Lava 
was eventually produced from the summit vent, flowing down a gully on the north flank until 
formation of a dome in late August (Yount et al., 1987).
2.3.2 The 2006 eruption and its PFDs
At the conclusion of its 1986 eruption, Augustine was quiescent for nearly 20 years, until a 6­
month period of pre-eruption seismicity began in the summer of 2005 (Coombs et al., 2010a). On 
11 January 2006, the volcano erupted in a 17-day series of explosions that would be the first of 
three distinct eruption phases. This first phase, termed the “Explosive Phase,” produced ash 
plumes up to 14 km ASL, along with lava flows and a number of pyroclastic flows on the north 
flank. These included the largest flow of the Explosive Phase, which, at 4.8 km in length, was 
designated by Coombs et al., (2010a) as the Rocky Point Pyroclastic Flow (see RPpf deposit in 
Figure 2.2b). On 28 January, the volcano's Explosive Phase ended, and a 13-day period of 
essentially uninterrupted activity began. This was the “Continuous Phase,” so named to separate 
it from the discrete explosions of the previous Explosive Phase. The Continuous Phase was 
characterized by nearly constant, rapid effusion, numerous pyroclastic flows on the north flank 
(Vallance et al., 2010), and episodic seismic activity. Especially during the early stage of this 
phase, pyroclastic flows were common, and their deposits would eventually cover an area of 4.9 
km2 and extend from the summit vent more than 3.8 km down the north flank.
The 2006 eruption concluded with a final, 13-day Effusive Phase from 3-16 March. This 
phase followed a 21-day hiatus in activity, and resulted in a larger summit dome, increased lava 
flows on the north flank, and significant block and ash flows. The eruption concluded on 16
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March, when no further juvenile material was observed (Coombs et al., 2010a).
A comparison of eruption products from 2006 indicates broad compositional overlap with 
those from 1986. Silica variation diagrams of major element, whole rock compositions of 70 
samples from the 2006 eruption (Larsen et al., 2010), overlaid with 60 whole-rock samples from 
the 1986 eruption (Gardner, 2016) are presented in Figure 2.3. These compositional similarities 
imply that the 1986 and the 2006 PFDs have similar thermo-mechanical properties, which will 
cause them to deform in a similar fashion as they cool.
Figure 2.3 Silica variation diagrams demonstrating general similarities of whole-rock, major element composition 
in pyroclastic material from Augustine's 1986 and 2006 eruptions.
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2.4 Datasets
2.4.1 Available SAR data
To study PFDs related to the 1986 and the 2006 eruption, the use of data from multiple SAR 
sensors is a practical necessity. No single SAR sensor was in service for the nearly 20-year period 
between the 1986 and 2006 eruptions, and no permanent spaceborne SAR system existed at the 
time of the 1986 eruption. The first European Remote Sensing (ERS) satellite, ERS-1, did not fly 
until 1991 (Rignot and van Zyl, 1993), and both ERS-2 and Canada's Radarsat-1 were launched in 
1995 (Morena et al., 2004; ESA, 2011). The Phased Array L-band Synthetic Aperture Radar 
(PALSAR) aboard Japan's Advanced Land Observing Satellite (ALOS) was the most recent 
sensor used in this study. ALOS-PALSAR was launched on 24 January 2006, but was not 
operational until October 2006 (Rosenqvist et al., 2007), several months after the cessation of the 
2006 eruptive activity.
To analyze the eruption deposits, we obtained a total of 48 SAR single look complex (SLC) 
images acquired between 21 June 1992 and 9 October 2010. The images were acquired across four 
platforms, in C-band and L-band wavelengths (λ). C-band data were obtained from Radarsat-1 (λ = 
5.6 cm), ERS-1, and ERS-2 (λ = 5.66 cm); L-band data (λ = 23.62 cm) were acquired by ALOS- 
PALSAR. All SAR data used in this study together with their platform identifiers are listed in 
Table 2.1.
Table 2.1 SAR data used to produce interferometric data for the 1986 and 2006 Augustine Volcano eruptions.
Granule Platform Date Orbit Path Frame Ascend/ 
Descend
E1_04883_STD_F301 ERS1 21-Jun-1992 4883 229 301 D
E1_05384_STD_F301 ERS1 26-Jul-1992 5384 229 301 D
E1 06386 STD F301 ERS1 4-Oct-1992 6386 229 301 D
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Table 2.1 (Continued) SAR data used to produce interferometric data for the 1986 and 2006 Augustine Volcano
eruptions.
Granule Platform Date Orbit Path Frame Ascend/Descend
E1_10394_STD_F301 ERS1 11-Jul-1993 10,394 229 301 D
E1_10895_STD_F301 ERS1 15-Aug-1993 10,895 229 301 D
E1_11396_STD_F301 ERS1 19-Sep-1993 11,396 229 301 D
E1_21259_STD_F301* ERS1 8-Aug-1995 21,259 229 301 D
E1_21760_STD_F301 ERS1 12-Sep- 1995 21,760 229 301 D
E2_06596_STD_F301 ERS2 24-Jul-996 6596 229 301 D
E2_12107_STD_F301* ERS2 13-Aug-1997 12,107 229 301 D
E2_17618_STD_F301* ERS2 2-Sep-1998 17,618 229 301 D
E2_23129_STD_F301 ERS2 22-Sep-1999 23,129 229 301 D
E2_27137_STD_F301 ERS2 28-Jun-2000 27,137 229 301 D
E2_27638_STD_F301 ERS2 2-Aug-2000 27,638 229 301 D
E2_28139_STD_F301 ERS2 6-Sep-2000 28,139 229 301 D
E2_32648_STD_F301 ERS2 18-Jul-2001 32,648 229 301 D
E2_33650_STD_F301 ERS2 26-Sep-2001 33,650 229 301 D
E2_38159_STD_F301 ERS2 7-Aug-2002 38,159 229 301 D
E2_38660_STD_F301 ERS2 11-Sep-2002 38,660 229 301 D
E2_42167_STD_F301 ERS2 14-May 2003 42,167 229 301 D
E2_42668_STD_F301 ERS2 18-Jun-2003 42,668 229 301 D
E2_43670_STD_F301 ERS2 27-Aug-2003 43,670 229 301 D
E2_44171_STD_F301 ERS2 1-Oct-203 44,171 229 301 D
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Table 2.1 (Continued) SAR data used to produce interferometric data for the 1986 and 2006 Augustine Volcano
eruptions.
Granule Platform Date Orbit Path Frame Ascend/
Descend
E2_48680_STD_F301 ERS2 11-Aug-2004 48,680 229 301 D
E2_53189_STD_F301 ERS2 22-Jun-2005 53,189 229 301 D
E2_53690_STD_F301 ERS2 27 Jul-2005 53,690 229 301 D
E2_54692_STD_F301 ERS2 5-Oct-2005 54,692 229 301 D
R1_53774_ST6_F149 R1 22-Feb- 2006 53,774 182 149 A
R1_54117_ST6_F149 R1 18-Mar-2006 54,117 182 149 A
R1_54460_ST6_F149 R1 11-Apr-2006 54,460 182 149 A
R1_54803_ST6_F149 R1 5-May 2006 54,803 182 149 A
R1_55146_ST6_F149 R1 29-May 2006 55,146 182 149 A
R1_55832_ST6_F149 R1 16-Jul-2006 55,832 182 149 A
R1_56175_ST6_F149 R1 9-Aug-2006 56,175 182 149 A
R1_56518_ST6_F149 R1 2-Sep-2006 56,518 182 149 A
R1_56861_ST6_F149 R1 26-Sep-2006 56,861 182 149 A
R1_57204_ST6_F149 R1 20-Oct-2006 57,204 182 149 A
R1_57547_ST6_F149 R1 13-Nov-2006 57,547 182 149 A
R1_59948_ST6_F149 R1 30-Apr-2007 59,948 182 149 A
ALPSRP076331180 PALSAR 1-Jul-2007 7633 270 1180 A
ALPSRP083041180 PALSAR 16-Aug-2007 8304 270 1180 A
ALPSRP089751180 PALSAR 1-Oct-2007 8975 270 1180 A
ALPSRP190401180 PALSAR 21-Aug-2009 19,040 270 1180 A
ALPSRP197111180 PALSAR 6-Oct-2009 19,711 270 1180 A
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Table 2.1 (Continued) SAR data used to produce interferometric data for the 1986 and 2006 Augustine Volcano
eruptions.
Granule Platform Date Orbit Path Frame Ascend/ 
Descend
ALPSRP230661180 PALSAR 24-May 2010 23,066 270 1180 A
ALPSRP237371180 PALSAR 9-Jul-2010 23,737 270 1180 A
ALPSRP244081180 PALSAR 24-Aug-2010 24,408 270 1180 A
ALPSRP250791180 PALSAR 9-Oct-2010 25,079 270 1180 A
2.4.2 Ancillary data used in this study
The reference digital elevation model (DEM), used for InSAR analysis was acquired during 
the Shuttle Radar Topography Mission (SRTM) in February, 2000 (tile No. 
SRTM1N59W154V2). SRTM was a cooperative project of the National Aeronautics and Space 
Administration (NASA), the National Imagery and Mapping Agency (now the National 
Geospatial Intelligence Agency, or NGA), and the German agency Deutches Zentrum fur Luft 
und Raumfahrt (DLR) (van Zyl, 2001). The SRTM elevation data were processed from original 
radar signals spaced at intervals of 1 arc-second (~30 meters), with additional, later processing 
employed to fill voids where initial processing did not meet mission specifications. The SRTM 
data meet absolute horizontal and vertical accuracies of 20 m (circular error at 90% confidence) 
and 16 m (linear error at 90% confidence). In North America, the relative vertical accuracy of the 
SRTM DEM was measured to be 7 m (linear error at 90% confidence) (Rodriguez et al., 2005).
2.5 Data processing methods
Data processing was conducted in two steps. In the first step, SAR data from ERS-1/2, 
Radarsat-1, and ALOS-PALSAR sensors were separately processed to evaluate PFD subsidence 
between 1992 and 2010 (Section 4.1). Emphasis was placed on deformation occurring on 
Augustine's north flank, where the great majority of PFDs were emplaced. In a second step,
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these subsidence data were used to derive geophysical information, such as deposit thickness and 
deformation behavior, for both the 1986 and 2006 PFDs. This latter process proved less 
straightforward, however, because data acquired after the 2006 eruption measures the combined 
deformation of superimposed multiple generations (1986 and 2006) of PFDs. We therefore 
devised an approach that decomposes contributions from 1986 and 2006 PFDs by combining 
subsidence data with geophysical models. In the following sub-sections, we will describe those 
models and the processing methods used in this two-step strategy. A geophysical interpretation 
of results is presented in Section 2.6. A summary of variables used in the following Eqs. 2.1 - 
2.16 is presented as Appendix A.
2.5.1 Methods: differential InSAR (d-InSAR) time-series processing
Differential InSAR (d-InSAR) time-series analysis techniques use the phase measurements of 
a stack of N + 1 co-registered SAR images observed at image acquisition times [t0, ..., tN], to 
extract accurate information about the (time-dependent) deformation of an observed surface. To 
this end, a set of M interferograms is first formed from the N + 1 images using InSAR 
processing, which calculates the phase difference ϕi,j (typically referred to as the interferometric 
phase) between pairs of SAR images according to
ϕi,j = φi-φj (2.1)
where φij is the interferometric phase measurement calculated from SAR images i and j 
(i,j ∈ (N + 1) and i < j). As shown in Eq. 2.2, the phase values in Eq. 2.1 contain information 
about the topography h of the observed surface encoded in phase component (ϕi,j,topo) as well 
as the surface deformation ∆di,j = (dj - di) that occurred between the image acquisition times 
ti and tj (ϕi,j,defo). In addition to these desired parameters, however, ϕi,j is furthermore 
affected by differences in the atmospheric stratification at times ti and tj (ϕi,j,atm-s), variations 
58
in the distribution of atmospheric water vapor (ϕi,j,atm-t), errors in satellite orbits (ϕi,j,orbit), 
and noise (ϕi,j,noise), such that ϕi,j can be written as
The sensitivity of the phase values in Eq. 2.2 to the target parameters h (surface topography), and 
∆di,j, (surface deformation), is given by: 
and 
where Bi,j,⊥ is the perpendicular baseline between SAR acquisitions i and j, r is the sensor-to- 
target range, θ is the look angle of the system, and λ is the wavelength of the transmitted signal.
In this study, we use d-InSAR time-series analysis techniques to extract information about 
the time-dependent surface deformation dn = [d0, ...,dN] of PDFs emplaced on Augustine's 
northern flank during both the 1986 and 2006 eruptions from the measurements in Eq. 2.2. From 
SAR data acquired after the 2006 eruption, we extract information about the thickness hPFD,06 of 
PFD deposits emplaced by this eruption. Here, we interpret the SAR-observed post-eruptive 
surface topography h in Eq. 2.3 as the combination of a pre-eruptive DEM hpe and the thickness 
hpFD,06 of 2006 deposits, i.e., h = hpe + hPFD,06
To extract dn from the observed phase measurements, ϕi,j, we first mitigate phase signals 
related to the pre-eruptive DEM hpe from Eq. 2.2 by subtracting topographic phase values 
obtained from the 1 arc-second resolution SRTM digital elevation model (d-InSAR processing). 
We subsequently model and subtract stratified atmospheric phase signals (ϕi,j,atm-s) from Eq.
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2.2 using the Weather Research and Forecasting (WRF) model and following the approach 
described in Gong et al., (2015a; 2015b). This separate step is required as stratified atmospheric 
signals are significant at Augustine and can often not be removed using spatial or temporal 
filters. Finally, we mitigate orbital errors (ϕi,j,orbit) by referencing all phase values to a stable 
region near the PFDs of interest, and apply an adaptive phase filter (Goldstein and Werner, 1998) 
to minimize ϕi,j,noise
After individually unwrapping the filtered differential interferograms using a minimum-cost­
flow unwrapping algorithm (Costantini, 1998), the unwrapped differential interferometric phase 
resulting from these processing steps can be written as 
where ∆h is a residual topography signal that may be due to errors in hpe or due to real changes 
of topography since the acquisition of hpe.
A final set of two processing steps remain to arrive at estimates for the deformation time series 
dn. First, we apply the small baseline subset (SBAS) algorithm of Berardino et al., (2002) to the 
data in Eq. 2.5. In SBAS, interferograms are formed from the subset of all possible SAR image 
pairs, whose temporal (Bt) and spatial baselines (B⊥) are within pre-defined thresholds. By limiting 
Bt and B⊥, SBAS addresses the difficult problem of coherence loss, or decorrelation, in 
interferometric data (Berardino et al., 2002; Agram et al., 2013) and therefore reduces the impact 
of ϕi,j,noise on Δϕi,j. Moreover, processing interferograms within the SBAS framework reduces 
atmospheric effects ϕi,j,atm-t in Eq. 2.5, by applying spatial and temporal filters to the InSAR 
time-series data (Lee et al., 2010). By inverting the differential phase measurements Δϕi,j in Eq.
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2.5, the algorithm results in the reconstructed phase history Δφn at the N + 1 image acquisition 
times [t0, ...,tN]
For reasons of simplicity, Eq. 2.6 assumes that atmosphere and noise influences were 
sufficiently reduced by the filtering steps in our SBAS workflow so that they can be considered 
negligible and dropped from the equation. This approximation is made to keep the description of 
our processing approach mathematically short. Note that in reality, noise and atmospheric effects 
are only reduced but not eliminated during SBAS processing.
In addition to Δφn, we also derive an estimate of its uncertainty, σ∆φn, through our SBAS 
implementation. This uncertainty estimate is derived for each pixel and epoch using a 
jackknifing approach: For our dataset of M interferograms formed from N + 1 SAR acquisitions, 
we calculate N + 1 solutions for Δφn by recursively dropping the nth acquisition date from our 
list of observations. The standard deviation of the N + 1 derived solutions for Δφn forms the 
uncertainty estimate . Note, that our approach for uncertainty estimation does not consider 
spatial correlations between pixels that might be introduced by residual atmospheric signals as 
well as by the application of spatial filters in our workflow. These correlations are currently 
ignored but could be included in the future.
In Eq. 2.6, the variable dn is the cumulative line-of-sight displacement at time tn, and Bn,⊥ is 
the perpendicular baseline between the SAR image acquisition at time tn and the reference-
image acquisition at time t0.
For interferometric data acquired before Augustine's 2006 eruption, we assume that ∆h is 
small such that its impact on Δφn can be ignored and the deformation time series dn can be
directly extracted from Eq. 2.6. To validate this assumption, we have analyzed short term ERS- 
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1/2 interferograms with spatial baselines typical for our ERS data stack (up to ~250 m) over non­
deforming areas of the Augustine edifice and found residual phase signals with a standard­
deviation of about 0.8 rad. The spatial pattern of these residual signals suggests atmospheric 
delay effects as the main source. Hence, we decided to not correct for topographic effects but 
rather model their error influence according to Eq. 2.3 and consider them in the statistical model 
for the estimation of dn along with phase noise due to the data's coherence properties. Here, we 
use σhpe = 7m to model the accuracy of the SRTM DEM, which is its relative height error
estimated by Rodriguez et al., (Rodriguez et al., 2005) for the North American continent.
For data acquired after 2006, we assume that the residual topography signal is an expression 
of the deposit thickness hPFD,06 and apply the approach by Fattahi and Amelung (2013) to jointly 
estimate the unknown parameters of the deformation time series dn from the unknown PFD 
thickness hPFD,06. Errors in the pre-eruption DEM (σhpe ) were included in the error model for 
hpFD,06. Interested readers are referred to Berardino et al. (2002) and Fattahi and Amelung 
(2013) for more technical details on the applied SBAS and DEM error estimation approaches.
Using this approach, we derive line-of-sight deformation time-series information separately 
from the ERS1/2, Radarsat-1, and ALOS PALSAR data, resulting in the deformation time series 
dn92-05, dn06-07, and dn07-10, respectively. To reduce the influence of any potential larger-scale, 
magma-related deformation of Augustine's edifice on the deformation estimates, we chose three 
reference points on the north flank that were unaffected by PFDs (Figure 2.2b). To facilitate 
subsequent joint processing of these time-series data (Section 4.2), we assume that PFD 
deformation is dominated by vertical subsidence motion (Briole et al., 1997; Lee et al., 2008), 
and project all deformation measurements together with their error properties into a joint vertical 
reference frame, resulting in the subsidence estimates sn92-05, sn06-07, and sn07-10, with their 
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respective uncertainty measures σsn The assumption of vertical motion is consistent with other 
work on Augustine's PFDs (Lee et al., 2008).
From the ALOS PALSAR data, acquired after the 2006 eruption, we furthermore derive an 
estimate for the thickness hPFD,06 of the 2006 PFDs. In Section 4.2, we introduce an inversion 
approach that is used to estimate physical parameters for the 1986 and the 2006 PFD deposits 
from these measurements.
Note, that a similar approach for the joint estimation of the thickness and subsidence of 
volcanic deposits was also applied by Ebmeier et al., (2012). There, InSAR data was used to 
estimate thickness and deformation of lava deposits on Santiaguito Volcano, Guatemala. In 
contrast to their approach, which measured the cumulative deformation of material deposited 
during an extended extrusive event, we are tracking deposit deformation across two eruptive 
cycles that resulted in a superposition of multiple generations of PFDs. Hence, in our case, 
further processing is needed to decompose contributions from 1986 and 2006 PFDs and extract 
geophysical information for the individual PFD generations.
2.5.2 Methods: geophysical model of PFD parameter estimation
The overall goal of this study is to extract geophysical information about the 1986 and 2006 
PFDs from the InSAR-derived subsidence estimates, sn92-05, sn06-07, and sn07-10. This effort is 
complicated (at Augustine and at most other active volcanoes) by younger 2006 deposits that are 
superimposed onto earlier 1986 material (Figures 2a and 2b). Consequently, surface deformation 
data acquired after the 2006 eruption includes the effect of subsiding new material as well as 
residual contraction of the underlying 1986 deposits.
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2.5.2.1 Geophysical considerations and model assumptions
To discriminate between contributions from individual deposits in our deformation 
measurements, we employ a simplified model that assumes the contraction behavior of 1986 and 
2006 deposits can be modeled using the same physical principles and same material parameters. 
We base this assumption on the geochemical similarity of eruption products from both 1986 and 
2006, as described in Figure 2.3 and Section 2.3.
We further consider four possible geophysical sources that may give rise to the observed 
deformation at Augustine-type PFDs: (1) surface deflation due to loss of volatiles; (2) surface 
inflation or deflation caused by volume changes in the magma reservoir; (3) poroelastic 
deformation caused by loading; and (4) thermoelastic surface deformation due to cooling. Of 
these four mechanisms, only two—deformation from loading, and thermoelastic cooling—were 
considered significant. Whereas loss of volatiles contributes to deformation, observations of 
deflating PFDs acquired at Mount St. Helens in 1980 indicate that most deflation occurs 
immediately—within hours or days—after emplacement (Rowley et al., 1981). We assume that 
gas deflation at Augustine was similar in timing and extent, and, therefore, deformation from 
deflation was complete before satellite observations were made after the 1986 and 2006 
eruptions.
Centimeter-scale ground deformation attributed to magma movement, particularly in periods 
immediately preceding or following an eruption, is well established in a number of previous 
studies (e.g., Lanari et al., 1998; Massonnet and Feigl, 1998; Lu et al., 2000; Lu et al., 2002; 
Masterlark and Lu, 2004; Lu et al., 2010). At Augustine, however, magma source-related 
deformation has been subtle and at or below the detection level of geodetic systems for most of 
its recent history. Both an InSAR analysis of Augustine from 1992 to 1999 (Lu et al., 2003) and 
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a study based on optical, electronic, and GPS surveying techniques (Pauk et al., 2001) found no 
evidence of magma-related deformation. While subtle magma-related deformation signals were 
found for the time period 1988-2000 from both reprocessed GPS data and InSAR data (Lee et 
al., 2010), the magnitude of the signal was near the detection level of both techniques.
An exception to this general behavior was a deformation episode that started immediately before 
and lasted through the initial stages of the 2006 eruption (Cervelli et al., 2006). While this 
deformation was significant, it occurred at a time not covered by our SAR data and had almost 
entirely ceased at the time of our first SAR acquisition after the 2006 eruption. We therefore 
ignore magma source-related deformation in our geophysical model. Note, that our choice of a 
reference point nearby the deforming PFDs further mitigates magma-induced surface 
deformation signals that may have existed.
The remaining sources of deformation considered in our model are compaction-related 
poroelastic deformation and thermal contraction. We are able to pretermit the effects of 
compaction as a cause of persistent subsidence, because such effects last as little as hours or days 
after emplacement (Rowley et al., 1981; Lee et al., 2008), while thermoelastic contraction 
persists for years (Masterlark et al., 2006). Our consideration of poroelastic compaction is 
therefore limited to the period immediately after emplacement (Eq. 2.8). Finally, we assume that 
the subsidence time series sn92-05, sn06-07, and sn07-10 are sufficiently linear such that they can be 
approximated by linear functions of the form:
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where ∆s is the linear subsidence rate in cm∙y-1. This linearity assumption has major advantages 
when formulating our geophysical model as it significantly reduces the number of unknowns that 
need estimation. As some researchers (e.g., (Lee et al., 2008)) have proposed exponential models
in the past, we provide a more detailed justification for this linearity assumption in Section 2.6.1 
where we show that the model in Eq. 2.7 is supported by the data.
With these prerequisites in place, we were able to construct a forward model that relates each 
of the subsidence rate estimates, ∆s92-05, ∆s06-07, and ∆s07-10 to physical parameters of the 
1986 and 2006 PFDs.
2.5.2.2 Model formulation
Because poroelastic deformation of the 1986 PFDs had likely ceased before the start of our 
observation time series, we are able to limit our estimate of the initial subsidence rate, ∆s92-05, 
to a function of thermoelastic contraction and thickness:
66
where hPFD 86 [m] is the (unknown) thickness of the 1986 deposits and γth = aL∙k [cm t-1 m-1] 
is the unknown average thermoelastic contraction parameter of Augustine-type PFDs that is 
proportional to the material's thermal contraction coefficient αL and its time-averaged cooling 
rate k.
The second subsidence rate, ∆s06-07, describes the deformation behavior immediately after 
the emplacement of the 2006 PFDs. Because it is affected by poroelastic and thermoelastic 
deformation of 2006 materials as well as thermoelastic deformation of underlying 1986 
materials, it is modeled as:
where γpe [cm t-1 m-1] is an average poroelastic contraction parameter and γth is the average
thermoelastic contraction parameter from Eq. 2.8.
Note that the average thermoelastic contraction parameter γth is assumed to be identical for the 
1986 and the 2006 PFDs. This assumption is based on their compositional similarity (as shown 
in Figure 2.3).
To solve this system of equations.(Eqs. 2.8 - 2.10), we apply two consecutive, linear least-
squares inversions. In the first, we derive estimates for the parameters γth and γpe from Eqs. 2.9 
and 2.10 using a least-squares parameter estimation in the Gauss-Markov model (Plackett, 1950). 
To that end, Eq. 2.8 and Eq. 2.9 are rearranged to take the form:
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In Eq. 2.11, b is a (2 ∙ R ∙ C) × 1 column vector of observations, with R and C being the 
number of rows and columns of the InSAR data matrix; ε is the (2 ∙ R ∙ C) × 1 column vector of 
estimated residuals; x is the 2 × 1 column vector of unknowns; and A is the (2 ∙ R ∙ C) × 2 
design matrix containing the partial derivatives of the forward model in Eq. 2.8 and Eq. 2.9 with 
respect to the unknowns x (∂Eq. (9)∕∂γth = ∂Eq. (10)∕∂γth = hPFD,06; ∂Eq. (9)∕∂γpe = 
hpFD,06; ∂Eq. (10)∕∂γpe = 0).
We model errors in observations using covariance matrix Σbb from which we derive a matrix 
of weights Pbb for the observations b in the parameter inversion according to:
The covariance matrix Σbb is a diagonal matrix containing the variances σ2∆s of the 
subsidence rate estimates, ∆s. The values σ2∆s are derived by propagating the uncertainties σsn
For the third subsidence rate, ∆s07-10, which starts more than one year after emplacement of 
the 2006 PFDs, we assume that poroelastic contraction has ceased, such that:
through Eq. 2.7. Following the Gauss-Markov theorem, the optimal solution for the problem in
Eq. 2.11 is found by minimizing the object function δ:
Solving this minimization problem yields the estimated unknowns x = [Yth Ype]T with 
their covariance properties Σxx according to: 
resulting in estimates for γth and γpe.
Once these parameters were derived, the estimate for γth together with its accuracy 
properties are used in a second inversion of Eq. 2.7 to derive estimates for the thickness hPFD,86 
of the PFDs emplaced by Augustine's 1986 eruption. As observations and unknowns cannot be 
formally separated in Eq. 2.7, the Gauss-Markov theorem is not applicable and a General Least­
Squares (GLS) solution must be sought instead. In the GLS case, the functional model is 
formulated as: 
where γth is now treated as an observation with known error properties. To solve Eq. 2.15 for the 
unknown deposit thickness hPFD,86, we solve: 
on a pixel-by-pixel basis. In Eq. 2.16, x is the (R∙C)×1 sized vector of unknown deposit 
thickness values hPFD,86, A is again the design matrix, and B is a matrix containing the partial 
derivatives of Eq. 2.15 with respect to the observations.
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Results of the application of the parameter estimation models in Eq. 2.14 and Eq. 2.16 to the 
data in sn92-05, sn06-07, sn07-10, and hpFD,06 are shown in Section 2.6.2.
2.6 Results
2.6.1 d-InSAR-based estimates of surface subsidence and 2006 PFD thickness
We estimated sn92-05, sn06-07, and sn07-10, and 2006 PFD thickness hpFD,06 by applying the 
techniques in Section 2.4.1 to a total of 48 single look complex (SLC) SAR images. Subsidence 
estimates sn92-05 were based on a stack of 27 ERS-1/2 images acquired between the 1986 and the 
2006 eruptions. sn06-07 was estimated from 12 Radarsat-1 images acquired within the first 12 
months after the 2006 eruption. The parameters sn06-07 and hPFD,06 were derived from nine 
ALOS-PALSAR images with acquisition dates between July 2007 and October 2010 (Table 2.1). 
October 2010 was the last seasonally appropriate ALOS-PALSAR acquisition of the target area. 
In April 2011, the ALOS satellite suffered a non-recoverable power generation anomaly. It was 
permanently powered down on 12 May 2011 (JAXA, 2011).
Time-baseline plots showing the interferograms selected for the three data stacks are shown 
in Figure 2.4, along with the spatial and temporal baseline thresholds (Btmax and B⊥max) that were 
used in the interferogram selection process. Baseline thresholds were set empirically to optimize 
InSAR coherence and reduce the number of unconnected interferogram subsets. Note that, for 
the ERS-1/2 data stack, three interferograms with a larger geometric baseline but with good 
coherence were added to the dataset to keep the number of unconnected interferogram subsets 
low.
Average subsidence rates ∆s (Eq. 2.7) were derived for the three subsidence time series and 
are plotted in Figure 2.5a-c. For all three datasets, a spatial coherence threshold of 0.2 was set to 
discard incoherent regions. Coherence loss is particularly evident in the Radarsat-1 time series,
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Figure 2.4 Time and spatial baseline diagrams indicating SAR pairs selected for 
interferometric processing.
Figure 2.5 Average deformation rates (Δs) obtained by InSAR time-series analysis 
[cm∙y-1]; deformation rates (apply to (a) ERS-1/2 (June 1992 to October 2005);
(b) Radarsat-1 (6 February-7 April); and (c) ALOS-PALSAR (July 2007 to October 
2010). Locations labeled 1, 2, and 3 in (c) are data points whose deformation across 
each time series is plotted in Figure 2.6. Note that the deformation key shown for 
Radarsat-1 data in figure (b) is shown at a smaller scale than (a) or (c), to accommodate 
the higher subsidence that occurred immediately after the 2006 eruption.
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(sn06-07), where rapid surface change in the first months after the eruption resulted in extended 
no-data areas (transparent regions in Figure 2.5b). Figure 2.5 shows that largest subsidence rates 
are found for the time period immediately following the eruption (∆s06-07; Figure 2.5b) where 
poroelastic and thermoelastic deformation of newly deposited 2006 materials, as well as 
thermoelastic deformation of underlying 1986 deposits, lead to subsidence rates of up to 20 
cm∙y-1. Figure 2.5 also demonstrates that the spatial pattern of subsidence changes after the 2006 
eruption, which can be attributed to the newly deposited material Subsidence time series for 
three points on Augustine's PFDs (indicated by rectangle, triangle and circular symbols in Figure 
2.5c) are shown in Figure 2.6 as black and gray lines. To create these plots, the post-2006
Figure 2.6 Subsidence measured by InSAR at each of three locations on Augustine Volcano's north flank. The data 
points (labeled 1, 2, and 3 and indicated by different symbols) correspond to locations shown in Figure 2.5c. Error 
bars indicate the precision of the measurements and points are color coded by satellite. Bold vertical bars represent 
dates of eruptions. Vertical bar represents the 2006 eruption.
deformation estimates sn06-07 and sn07-10 were connected using an offset parameter, estimated 
using least-squares techniques constrained by a minimum-norm assumption. The black 
subsidence time series (lines 1 and 3) corresponds to two locations that were covered by both the 
1986 and the 2006 PFDs. Correspondingly, their deformation between 1992 and 2005 relates to 
cooling of 1986 flows. Figure 2.5c illustrates that stronger deformation occurs near Augustine's 
summit crater that is attributed to the area's greater thickness of PFDs, observable in Figure 
2.7a,b. Following deposition of the 2006 PFDs, deformation rates near the crater increased due to 
71
the combined subsidence of both 1986 and 2006 material. The subsidence time series No. 2, 
indicated by the gray line in Figure 2.6, is taken from a location that was only affected by 2006
flows (Figure 2.5c); consequently, surface deformation from 1992 to 2005 is zero, as expected.
Figure 2.7: Thickness plot of (a) 1986 pyroclastic flow deposits and (b) 2006 pyroclastic flow deposits on 
Augustine Volcano's north flank. Maximum deposits reach a thickness of ~31m (in white) near the summit crater.
In addition to surface subsidence, we estimate the thickness hPFD,06 of pyroclastic flow 
material deposited during the 2006 eruption using the method described in Section 4.1. Based on 
our error model, which considers the distribution of perpendicular baselines as well as error 
sources related to coherence and DEM accuracy, hPFD,06 could be estimated with an average error 
of σhPFD,06 = 2.1 m. A map of hPFD,06 is presented in Figure 2.7b showing deposition 
predominantly in a northerly direction from the summit with thickest deposits (> 30m) found just 
north of Augustine's summit. From these data, the total volume of 2006 PFD deposits was 3.3 × 
107 m3 (0.033 km3) ±0.11 × 107 km3, with a maximum thickness of ~31 m, and a mean of ~5 m.
These estimates compare well to field observations of the 2006 PFDs by Coombs et al.
(2010a), who identified the difficulty of thickness measurements and/or estimates as a main 
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source of uncertainty in volume and yield calculations for the 2006 eruption. With that 
steep slopes and flow edges, to a maximum of 10-15 m in the distinctive Rocky Point 
pyroclastic flow; see Figures 2b and 7b (Coombs et al., 2010a; Vallance et al., 2010). A 
comparison of digital terrain models of the volcano's edifice, acquired before and after the 
eruption, indicates a maximum thickness of 20 m (Vallance et al., 2010), and the inflated 
eruptive volume at ~3.9 × 107 m3 (2.3 × 107 m3 DRE), subject to inherent uncertainties of 
25%-50% (Coombs et al., 2010a).
2.6.2 Estimated PFD parameters for the 1986 and 2006 deposits
2.6.2.1 Testing the approximation of linearity in the geophysical model
To formulate our physical deformation model in Section 4.2, we approximated the true 
subsidence time series sn02-05, sn06-07, and sn07-10 by a linear model of the form sn = ∆s ∙ tn, 
where ∆s are their linear subsidence rates. When analyzing the shape of the subsidence time 
series in Figure 2.6, it can be observed that the subsidence of PFDs indeed appears reasonably 
linear within each data stack. A chi-squared test was conducted to test if the deformation data in 
sn02-05, sn06-07, and sn07-10 can be sufficiently described by a linear model. This test showed that 
90% of the variability in these subsidence time series can be explained by a linear model. 
Furthermore, it was found that an alternative exponential decay model did not lead to a 
statistically significant improvement of model fit. Both of these findings indicate that 
approximating our data by a linear model, as suggested in Section 4.2, does not lead to 
significant loss of information.
2.6.2.2 Estimating γth and γpe
We use the linear subsidence rates δs92-05, δs06-07, and δs07-10 together with estimates 
for the thermoelastic and poroelastic contraction parameters γth and γpe, respectively. As we 
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assume that the subsidence measurements in the individual pixels are uncorrelated from 
measurements in other pixels (see Sections 2.4.1 and 2.4.2), this means that the model in Eqs. 
2.10 - 2.14 can be executed pixel by pixel, vastly simplifying the computational complexity. 
While there are true correlations between pixels (related to phase filtering and atmospheric 
effects), we considered the impact of ignoring these correlations small compared to the impact 
on computational efficiency.
Before inverting for parameters γth and γpe we first conducted a test of the geophysical 
relationships in Eq. 2.8, which imply a linear relationship between surface contraction rate, ∆s, 
and PFD thickness h, with γth and γpe acting as scaling parameters. To test this assumption, we 
created a scatterplot between the surface subsidence (∆s07-10 - ∆s92-05) and thickness hPFD,06 
of the 2006 PFDs (Figure 2.8). The result showed a strong linear correlation between subsidence 
rate and PDF thickness (r2 = 0.66), giving credence to the scaling model used in Eqs. 2.8 - 
2.10. Similar linear relationships were also found by Ebmeier et al. (2012), who studied 
deformation of a lava flow deposit at Santiaguito Volcano, Guatemala.
With the assumptions in our geophysical model confirmed, we perform the least-squares 
estimation of the thermoelastic and poroelastic contraction parameters γth and γpe using the 
formalism in Eqs. 2.9 - 2.13. The following results were achieved: 
Least Squares Estimates for γth and γpe:
γth [cm y-1 m-1] = -0.091; sigma = 0.002 
γpe [cm y-1 m-1] = -0.319; sigma = 0.005
Correlation coefficient between parameters = -0.22
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Figure 2.8 A scatter plot of deposit thickness and subsidence rates from the 2006 eruption, shown here with 
the best-fit linear regression line, validates the assumption of a linear relationship between the two. Density 
of data points is indicated by isolines (thin black lines) and changes in gray scale shading of points. The 
data's r2 value of 0.66 is persuasive evidence the linearity assumption is appropriate
These results indicate that both γth and γpe could be successfully separated using the proposed 
approach (small correlation coefficient) with acceptable precision (σγth = 0.002 and σγpe = 0.005) 
as shown above. While only relevant for a short time period after the eruption, poroelastic 
contraction was dominant during the immediate post eruption time. The long term-acting 
thermoelastic contraction was found to cause subsidence of 0.1 cm y-1 m-1. Interestingly, this 
value is in good agreement with typical contraction parameters for basaltic and andesitic lava 
flows that were calculated by Ebmeier et al. (2012), from a limited set of global measurements.
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This similarity should be studied further for PFDs at other volcanoes with sufficient SAR data 
coverage.
2.6.2.3 Estimating the thickness of PFDs deposited in 1986
Following the assumption of strong similarities between the compositions of the 1986 and
2006 PFDs (Section 2.3), we conclude that the thermoelastic contraction parameter γth 
(estimated for the 2006 PFDs in Section 2.5.2.2) also applies to deposits emplaced during the 
1986 eruption. Consequently γth can be used, together with Eq. 2.7, to arrive at first estimates of 
the thickness, hpFD,86, of PFDs deposited in 1986.
We apply the general least squares concept in Eqs. 2.14 - 2.15 to calculate both hPFD,86 and its 
accuracy properties and achieved the following result:
General Least Squares Estimates for hPFD,86:
Mean thickness [m] = 7.4
Error of thickness estimates σhpFd,86 [m] = 1.1
Max thickness [m∣ = 31.5
Total deposition volume [m3] = 4.6 × 107 ± 0.62 × 107
A map of the estimated 1986 PFD thickness is shown in Figure 2.7a. At 4.6 × 107 ± 0.62 × 107 
m3, we found the total volume of the 1986 PFDs to be about 1.5 times larger than those deposited 
in 2006. A comparison of the maps in Figure 2.7a,b shows that this difference mainly stems from 
a higher deposition on the northeastern flank of Augustine during the 1986 eruption. To estimate 
the average deposition thickness μhpFD,86 we first identified pixels with significant deposition by 
applying a threshold of hPFD,86 < 2 ∙ σhpFD,86 and then calculated the average of hPFD,86 over
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these pixels. As the resulting number = 7.4 m is dependent on the selected threshold, it
should be considered as an approximate value only.
By comparison, Swanson and Kienle (1988) estimated the expanded volume of the 1986 
PFDs as approximately 5 × 107 m3 (0.05 km3), but did not describe how that estimate was 
determined. They also report that a post-eruption topographic map, prepared from aerial 
photographs taken on 9 September 1986, indicated that dome elevation had increased by ~26 m 
between 1976 and the close of the 1986 eruption (consistent with Waitt and Begét's observation, 
between 1992 and 2003, of a 1986 andesite dome forming a prominent part of the summit area 
(2009). More recently, a finite element model developed by Masterlark et al., (2006), predicted 
PFDs with a mean thickness of 9.3 m, a maximum of 126 m, and a volume of 2.1 × 107 m3 
(0.021 km3); Masterlark et al. (2006), similarly report a total PFD volume of 9.9 × 106 m3 (~0.01 
km3) estimated by differences in DEMs. A summary of the available values is presented in Table 
2.2.
Table 2.2 Comparison of previously determined values for mean thickness, maximum thickness, and volume of PFDs 









Mean thickness (m) 7.4 n/r 9.3 n/r
Maximum Thickness
(m) 31.5 n/r 126 n/r
Volume (m3) 4.6e7 5e7 2.1e7 9.9e6
Our estimates of thickness and volume for 1986 compare well to the 1986 topographic map 
and observations reported by Swanson and Kienle (1988), but differ more significantly from the 
results modeled by Masterlark et al., (2006). Given the observations of dome growth by Swanson 
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and Kienle (1988) and Waitt and Beget (2009), however, it seems fair to attribute differences in 
maximum thickness, particularly in the area proximal to the summit, to andesitic dome growth 
rather than PFDs alone. Differences in volume are likely due to uncertainties of the finite 
element model used by Masterlark, et al., (2006). While these uncertainties are not numerically 
specified, model runs with different initial parameter settings resulted in PFD volume estimates 
ranging from 9.9 × 106 m3 to 5.7 × 107 m3 encompassing our result.
2.7 Discussion
2.7.1 Limitations of the technique
Thickness and deformation rates were developed from models based on observations and a 
number of simplifying assumptions. Chief among these is an assumption that Augustine's 1986 
and 2006 PFDs were sufficiently similar to allow modeling using the same material parameters. 
The eruption dynamics and a comparison of whole-rock geochemical composition (Figure 2.3) 
served as the basis for this general assumption. Although we believe this compositional 
comparison was sufficient for the stated purpose, it was not intended to be a comprehensive 
geochemical analysis, which was beyond the scope of this work. Similarly, we broadly 
considered the principal mechanism of deformation to be thermoelastic contraction (Section 
4.2.1). Given the similarity of the two eruptions and eruptive products, we considered it 
unnecessary to model individual deformation processes such as cooling and degassing, or 
individual conditions that contribute to that process (porosity, density, pressure, and others). This 
necessarily involves an additional, implicit assumption that the PFDs from 1986 and 2006 were 
homogeneous in composition, allowing for uniform rates of deformation. This assumption was 
made despite field observations that Augustine's 1986 PFDs were comprised of block and ash 
flow deposits, lithic-rich pumice flow deposits, and lahar deposits (Beget and Limke, 1989), and 
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deposits from 2006 were similar to 1986 in terms of sequence, deposit distributions, and magma 
compositions (Swanson and Kienle, 1988; Power et al., 2006; Coombs et al., 2010a; Vallance et 
al., 2010). These observations may indicate the possibility of depositional gradations that refute 
the assumption of uniform deformation. We, however, believe the relative similarities between 
the two years' eruption products and their similarly rapid emplacement process validate the 
uniformity assumption for purposes of this estimation.
To simplify modeling and data interpretation, we approximated the deformation behavior of 
PFDs at Augustine as a piecewise linear process where an initial (higher) deformation rate 
describes the deformation during the first months after emplacement and a second rate represents 
the long-term deformation as a flow. This differs from most other approaches, which often use 
exponential decay functions to describe the temporal variation of subsidence (Lee et al., 2008). 
We showed in Section 2.6.2.1 that using exponential functions did not lead to a statistically 
significant improvement of model fit to the InSAR data. Furthermore, we also found that the 
parameters of the linear functions could be estimated with higher significance than the 
parameters of an alternative exponential function. Hence, linear models were considered 
sufficient for this study.
2.7.2 Scientific significance of extracted PFD information
Deformation behavior of volcanic deposits, although reasonably well understood, is difficult 
to observe and measure on a first hand, in situ basis. Obtaining data from direct observation of 
pyroclastic emplacement may be hampered by continuing volcanic activity, remote locations, 
arduous terrain, and other obstacles. Numerical modeling has proven highly effective in 
estimating deformation, particularly when geometric data, such as deposit thickness from 
repeated DEMs, are unavailable (Masterlark et al., 2006). Modeling, however, may require
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significantly simplifying assumptions, and be valid only for individual field situations 
(Masterlark, 2003). The results from our study, such as deposit thickness and deformation, can 
provide an important method to numerical modeling and help increase the reliability and 
precision of geophysical estimates.
The technique we present offers a means to estimate PFD thickness and deformation rates 
using InSAR and parameter estimation techniques that reach beyond a priori estimates and 
initial modeling. By decomposing contributions from multiple generations of PFDs, our 
approach provides a basis to quantify thickness, deformation rates, and volume of recent 
deposits, while providing some insight into a volcano's past by providing previously inaccessible 
information about deposits from earlier eruption cycles. More precise and accurate data on the 
post-emplacement characteristics of PFDs allow geophysical parameters to be more accurately 
modeled, and improve the body of knowledge available for investigation of volcanic hazards.
2.8 Conclusions
This study combines 16 years of InSAR data from multiple platforms to study the thickness 
and long-term subsidence behavior of PFDs from Augustine Volcano. Our methodology was 
applied to examine the subsidence behavior of PFDs from multi-sensor InSAR acquisitions 
acquired across two eruption cycles. This includes a model used to decompose deformation 
signals from two generations of superimposed flows. From this model, we are able to present the 
reconstructed subsidence history for PFDs observed on Augustine Island.
This investigation provides interesting insight into post-emplacement behavior of PFDs and 
similar eruptive flows. Using empirical observations derived from SAR data, we determined that 
the initial settling period is usually concluded within a year of emplacement. We were also able 
to show a decrease of deformation rates over time as cooling rates of the flows subside. The 
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produced results allow us to better understand the behavior and geometry of PFDs by using 
InSAR. Masterlark et al., has previously demonstrated that thermoelastic deformation is a strong 
function of PFD thickness (Masterlark et al., 2006), and used finite element modeling and an 
adaptive mesh algorithm to produce a thickness distribution of PFDs from Augustine's 1986 
eruption. Using InSAR data from Augustine's 2006 eruption, our model describes a relationship 
between the thickness of PFDs, their material properties, deformation rates, and change in 
temperature that permits estimation of any of these four parameters when the other three are 
known or similarly estimated. Finally, the model can be extended to underlying PFDs to estimate 
the effect of deforming materials deposited by prior eruptions.
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2.10 Appendix
List of variables used in Section 2, Equations 2.1 - 2.16
Variable Description
N The number of acquisition times of SAR images in a time series [t0...tN].
Φi,j
The interferometric phase measurement [rad] in each pixel, calculated from the 
SAR images i and j (i.e., an interferogram).
ϕi,j,defo
The contribution of ground deformation to each pixel that occurred between time ti 
and tj.
ϕi,j,topo
The topography-related phase component that is proportional to the surface height 
and the interferometric baseline between acquisition at times ti and tj.
δdi,j
The surface deformation [m] that occurred between image acquisition times ti and 
tj.
ϕi,j,atm-s
Interferometric phase related to changes in the atmospheric stratification between 
times ti and tj.
Φi,j,atm-t
Phase differences from variations in the distribution of atmospheric water vapor at 
time ti and tj.
ϕi,j,orbit
The interferometric phase contribution due to errors in the satellite orbits of 
acquisitions at times ti and tj.
ϕi,j,noise
Phase noise in a pixel of an interferogram calculated from acquisitions at times ti 
and tj.
h
The SAR-observed surface topography [m].
∆Φi,i
The unwrapped differential interferometric phase of a pixel in SAR images i and j.
dn
The cumulative surface deformation of PDFs across the time-series d0 ...dn.
r
The sensor-to-target range between a SAR instrument and its ground target.
Bi,i,⊥
The perpendicular baseline distance between sensor acquisitions i and j.
θ
The look angle of the SAR system.
λ
The wavelength of the transmitted radar signal.
hpe
Topography values obtained from a pre-eruption DEM.
hPFD,06
The thickness of 2006 PFDs measured by InSAR.
Bn,⊥
The perpendicular baseline between the SAR image acquisition at time tn and the 
reference image acquisition at time t0.
Δφn
The reconstructed phase history at the N+1 image acquisition times.
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Bt
The temporal baseline of an InSAR image pair.
δφn
The reconstructed phase history at time step n of the N + 1 image acquisitions.
Δφ




Deformation time series data estimated for the time periods 1992-2005 (ERS1 and 





Deformation time series data estimated for the time periods 1992-2005 (ERS 1 and 
2), 2006-2007 (Radarsat-1), and 2007-2010 (ALOS PALSAR) after projection into 









The unknown thickness of the 1986 PFDs.
γth
The average thermoelastic contraction parameter of PFDs for the 2006-2007 
period.
k
The average cooling rate of 2006 PFDs.
γpe
The average poroelastic contraction parameter of PFDs for the 2006-2007 period.
aL
The thermal contraction coefficient of the PFDs.
b
The (2∙R∙C) × 1 column vector of observations in the InSAR data matrix.
ε
The (2∙R∙C) × 1 column vector of estimated residuals.
X
Generic vector of estimated unknowns in a least-squares inversion framework.
A
Design matrix of a least-squares inversion framework, containing the partial 





The covariance matrix of observations.
δ
The object function to be minimized in a least-squares inversion.
Σ
The covariance matrix of estimated unknowns x.
B
A second design matrix of the generalized least-squares model containing the 
partial derivatives of a mathematical relationship with respect to the observations.
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Chapter 3
Multi-sensor remote sensing data applied to estimation of 2012-2013 
effusion rates at Tolbachik Volcano, Kamchatka Peninsula, Russian Far East3 
3.1 Abstract
3 McAlpin, D.B., Meyer, F.J., Kubanek, J., Webley, P.W., and Dehn, J., Multi-sensor remote 
sensing data applied to estimation of 2012-2013 effusion rates at Tolbachik Volcano, 
Kamchatka Peninsula, Russian Far East, prepared for submission to the Journal of Volcanology 
and Geothermal Research.
Measuring the emplacement volume and deposition rates at effusive volcanoes is a key 
element of understanding their behavior and, where possible, assessing their hazard potential. 
This study was conducted to evaluate how thermal satellite data from the constellation of 
National Oceanic and Atmospheric Administration satellites carrying Advanced Very High 
Resolution Radiometers can be combined with synthetic aperture radar data from the German 
Aerospace Center's TanDEM-X synthetic aperture radar mission to derive detailed deposition 
data from the 2012-2013 effusive Tolbachik Fissure Eruption on the Kamchatka Peninsula, 
Russian Far East. The fusion of Advanced Very High Resolution Radiometer thermal data and 
TanDEM-X synthetic aperture radar data was accomplished through coregistration, resampling, 
comparison, and interpolating the high temporal resolution Advanced Very High Resolution 
Radiometer data with the much more infrequent digital elevation models developed from 
TanDEM-X data of high spatial resolution. This new approach for combining the temporally, 
spatially, and spectrally different datasets is presented here along with a discussion on the 
benefits and limitations of the technique. This process has developed an eruption profile with 
more reliable estimates of the volume of deposition and rates of emplacement over the course of 
the eruption. This combined analysis is a significant improvement over the single point estimates 
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using the low temporal resolution of the TanDEM-X data alone where non-varying rates are 
assumed between observations. As part of this study, the progression of the Tolbachik Fissure 
Eruption at a high temporal resolution was possible, and we clarified the onset and end of the 
eruptive period, as well as periods of higher and lower effusive activity. This combined thermal- 
SAR approach has the potential to develop more comprehensive analyses of effusive volcanic 
depositional episodes, improve hazard mitigation efforts, and increase our understanding of 
subsurface conditions that control effusive eruptions.
3.2 Introduction:
Tolbachik Volcano (55° 49.5'N, 160° 23.5' E) is located on the ~1200 km long Kamchatka 
Peninsula in the far-eastern end of the Russian Federation (Figure 3.1). The peninsula is flanked 
on the west by the Sea of Okhotsk, in the southeast by the Pacific Ocean, and in the northeast by 
the Bering Sea. Tolbachik Volcano, or more precisely the Tolbachik Volcanic Complex, 
consists of two stratovolcanoes: the Ostry (sharp) Tolbachik, and Plosky (flat) Tolbachik 
(Zelenski et al., 2014). Although Ostry Tolbachik is inactive (Fedotov et al., 2011), Plosky 
Tolbachik is one of the largest and most active volcanic areas on the Kamchatka Peninsula 
(Churikova et al., 2015), and marks the southern end of the Klyuchevskoy Volcano Group 
(KVG), that includes 14 active and inactive volcanoes (Senyukov et al., 2015).
Within the last fifty years, Plosky Tolbachik (hereafter, “Tolbachik” refers to Plosky 
Tolbachik unless otherwise specified), has had two large effusive eruptions; the first in 1975­
1976, and a second in 2012-2013. The 1975-1976 eruption, the “Great Tolbachik Fissure 
Eruption,” lasted more than 1½ years, and emplaced ~2.2 km3 of volcanic product over an area 
exceeding 1000 km2 (Churikova et al., 2015) and was the largest basaltic eruption in the Kurile- 
Kamchatka volcanic belt in historic time (Fedotov et al., 1980).
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The 2012-2013 eruption, also known as the “Tolbachik Fissure Eruption” (TFE), occurred 
over nine months, from 27 November 2012 through 24 August 2013 and deposited volcanic 
products over a reported area between 35.9 km2 and 45.8 km2, with a non-DRE (dense rock 
equivalent) volume variously estimated between 0.53 km3 and 0.65 km3 (0.50 km3 DRE and 0.55 
km3 DRE). (Dvigalo et al., 2014; Belousov et al., 2015; Dai and Howat, 2017; Kubanek et al., 
2017). The eruption was largely an effusive eruption, which is broadly defined by Jackson 
(1997) as the emission of relatively fluid lava onto the Earth's surface, and by Harris et al. 
(2007), as volume flux pertinent to basaltic lava flows.
Figure 3.1: The Kamchatka Peninsula in the Russian Far East. Tolbachik Volcano is shown in the Central 
Kamchatka Depression, formed between the Kamchatka Mountain Range to its west, and the Vostochny Range to 
its Southeast. The large red arrow indicates the approximate direction of Pacific Plate subduction under the 
peninsula (Jiang, 2009); a star marks the vicinity of the Aleutian-Kamchatka Junction where the subducting Pacific 
Plate terminates (Levin, 2002).
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Volcanism of the KVG is driven by the Pacific Plate lithosphere subducting under the 
Kamchatka Peninsula and the Okhotsk microplate at ~7.7 cm∙yr-1 at latitude 55°N, and ~8.3 
cm∙yr-1 further south, at 47°N (Jiang et al., 2009). The northern end of the Pacific Plate 
terminates in an unusual confluence with the western end of a second arc-trench system, the 
Aleutian Subduction Zone (Levin et al., 2002) . This Aleutian-Kamchatka Junction is found in a 
complex shear zone just off the Cape Kamchatka Peninsula.
The subduction has produced robust volcanism over the entire Kamchatka region, but 
especially so at Tolbachik, with eruptions in 1941, the Great Tolbachik Fissure Eruption of 
1975-1976, and most recently, the Tolbachik Fissure Eruption of 2012-2013. The latter - the 
subject of this study - began on 27 November 2012, after minor precursory seismicity. The 
initial eruption began with a south-southwest trending fissure opening on the southern slope of 
Tolbachik, that became a 6 km long opening, accompanied by intense lava effusion (Melnikov 
and Volynets, 2015). Although the eruption was primarily effusive, explosive activity was also 
apparent at numerous vents along the length of the fissure. Most active was the middle part of 
the fissure, at the Menyailov group of vents, and the lower part of the fissure, the Naboko vents 
(Belousov et al., 2015) (Figure 3.2).
By the next day (28 November 2012), lava was effusing from these two eruptive centers, 
forming lava fields exceeding 14 km2, and producing lava fountains visible from more than 40 
km distant (Gordeev et al., 2013). Large a'a' flows were observable in two streams, the first 
designated the Vodopadnoye Flow, largely fed by the Menyailov group of vents, and the second, 
the Leningradskoye flow, fed mostly by the Naboko group (Belousov et al., 2015). Over these 
first two days, moderate explosive activity and extensive effusion marked the most violent period 
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of the entire eruption, producing a time averaged lava effusion rate estimated by aerial 
photogrammetry at 440 m3 s-1 (Dvigalo et al., 2014).
From 29 November 2012 explosive activity and effusion continued at both the Menyailov 
and Naboko vents through 30 November 2012, but in early December 2012, activity along the 
middle to upper parts of the fissure, including the Menyailov vents, waned and ceased. The front 
of the Vodopadnoye Flow Field, which was fed by the middle to upper vents, stopped its 
westward advance at a length of 8.5 km, and a thickness of 10 m. The lower level Naboko vents 
persisted, however, and continued to feed the Leningradskoye Flow Field, whose westerly extent
Figure 3.2: Tolbachik Volcano, including flow fields and major vents from the TFE. The eruptive fissure, center, is 
displayed as a dashed line, with major vents marked by red/white stars along the fissure. Yellow numbers 
correspond to sample points described in Section 3.4.1.2. The flow field outline is modified from Belousov (2015). 
Inset map from Shuttle Radar Topography Mission (SRTM), courtesy NASA/JPL. Background image from EO- 
1/ALI image, courtesy USGS.
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was reported to have reached its maximum length of 17.8 km on or before 13 December 2012 
(Dvigalo et al., 2014; Belousov et al., 2015).
The roughly two week period that ended 8 December marked the end of the TFE's initial 
eruptive stage and the beginning of the main stage of the eruption, as designated by Belousov et 
al. (2015). In January, 2013, lava lobes began migrating towards the south, southeast, and east, 
forming a third lava field, known as the Toludskoye Flow Field. By early June 2013, the 
Vodopadnoye Field was up to ~10 m thick, while the Leningradskoye Lava Field, formed by a 
number of overlying flows, reached a thickness of up to ~69 m between Krasnyi and Kleshnya 
Cones, but 5-15 m near Belaya Gorka. The Toludskoye Flow would continue to grow until the 
end of the main stage in late August 2013, reaching ~53 m thickness to the east of the Kleshnya 
Cone (Dvigalo et al., 2014), and up to ~70 m thick in its northern areas (Belousov et al., 2015).
The final stage of the eruption began on 23 August 2013, when lava discharge decreased to 
zero, and lava, flowing through a system of lava tubes, ceased. At the same time, seismic 
tremors decreased below detection levels, and lava drained from the lava ponds in the main 
crater and satellite vents of the Naboko cone. Minor Strombolian activity and subsidence 
episodes continued for approximately two weeks, before a complete cessation of surface activity 
during the first week of September, 2013 (Belousov et al., 2015). No substantial increase in area 
was reported in the Toludskoye Flow since early June 2013, although some thickening continued 
between June 2013, and the cessation of effusion at the end of August, 2013.
This highly active volcanic zone is of geologic interest due to its frequency and intensity, but 
also of economic interest given the potential for eastward drifting ash to disrupt air traffic in the 
busy transportation corridor between North America and the Far East. Consequently, the Alaska 
Volcano Observatory (AVO) has closely monitored the region for volcanic activity. From 1993 
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to 2018, AVO maintained extensive observations of the Kamchatka Peninsula using the 
Advanced Very High Resolution Radiometers (AVHRR) aboard a constellation of sun- 
synchronous, Polar Orbiting Environmental Satellites (POES), and its predecessor platform, the 
Advanced TIROS-N (ATN), both operated by NOAA.
This study examines more than nine-months of AVHRR thermal data collected by three
POES satellites during the TFE, focusing on observed activity, with comparison and 
enhancement of complementary data from the TanDEM-X radar mission consisting of two 
synthetic aperture radar sensors operated by the German Aerospace Center, Deutches Zentrum 
fur Luft und Raumfahrt (DLR), and its partner, Astrium GmbH.
3.2.1 The AVHRR thermal sensor
The first AVHRR sensor was a four-channel radiometer, launched in 1978, followed by an 
improved, five-channel version, AVHRR/2, in 1981 (Kidwell, 1991). All currently operating 
AVHRR sensors (AVHRR/3) operate in six-channels, observing in both visual and infrared 
wavelengths (NOAA, 2017) (Table 3.1).
Table 3.1: Six visible and infrared (IR) wavelengths of AVHRR/3 along with spatial resolution 
at nadir (Robel and Graumann, 2014).
Band Spectrum
Wavelength 
(μm) Spatial resolution at nadir (km)
1 Visible 0.580 - 0.680 1.1
2 Near IR 0.725 - 1.000 1.1
3A Near IR (daylight) 1.580 - 1.640 1.1
3B Mid-IR (night) 3.550 - 3.930 1.1
4 Thermal IR 10.300 - 11.300 1.1
5 Thermal IR 11.500 - 12.500 1.1
AVHRR/3 channels l, 2, and 3A measure reflected energy in the visible and near-IR portions 
of the electromagnetic spectrum, providing observations of land surface, vegetation, clouds, 
lakes, shorelines, snow, aerosols, and ice. Channels 3B, 4, and 5 are used to determine the 
radiative energy in the mid- and thermal IR from the temperature of the land, water, and sea 
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surface as well as the clouds above them (Robel and Graumann, 2014). With their global 
coverage and 12-hour revisit cycles, two operational AVHRR sensors can provide up to four 
daily surface observations of almost any target on earth. The trade-off for frequency of 
observations, however, is a coarse spatial resolution; where the AVHRR ground resolution is 
only 1.1 km at nadir, and increases to 7.2 km at the edge of its swath (Harris, 2013).
Melnikov and Volynets (2015) summarized their opinion by stating, “This kind of resolution 
is not suitable for analyses of TFE lava flows.” Nonetheless, the frequency of AVHRR 
observations creates an extensive archive of surface observations in three infrared channels. 
Especially when applied to effusive eruptions of long duration like the 2012-2013 TFE, the 
archive has a high potential to contribute to our understanding of the mechanics and behavior of 
large effusive eruptions.
3.2.2 Hot and cold components within AVHRR resolution cells
Although AVHRR is onboard a weather-focused satellite that was never designed to detect or 
monitor high temperature surface features (e.g., fires, lava flows, lava lakes, and fumarole 
fields), its ability to fulfill this function has been well established since the 1970's (Williams Jr. 
and Friedman, 1970; Dozier, 1981; Rothery, 1992; Harris et al., 1997b; Oppenheimer, 1998; 
Dehn et al., 2000; Harris, 2013; Dehn and Harris, 2015; Ramsey, 2016). More difficult, however, 
is the ability of AVHRR to provide observations that identify the nature of a high temperature 
feature; to distinguish, for instance, between a lava flow and fumarole field, or another thermally 
radiant feature (Rothery et al., 1988; Oppenheimer et al., 1993). Moreover, a high temperature 
feature may represent only a small fraction (0.1% or less) of the spatial footprint of the resolution 
cell with the reminder filled by a much larger area of cooler crust, or non-radiant background 
(Oppenheimer, 1991). In such cases, the radiant brightness temperature measurement from
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AVHRR reflects a mixed or integrated temperature from multiple components, each occupying 
an unknown area within the sensor's resolution cell.
Dozier (1980, 1981), addressed the mixed temperature problem with a method of using two 
infrared bands to estimate the proportionate radiance contribution made by a hot, sub-pixel target 
and the cooler background portion of the pixel it occupies. This dual-band method was quickly 
applied to estimate the size and temperatures from steel mills and oil gas flares (Matson and 
Dozier, 1981), and, though AVHRR was used to observe sub-pixel volcanic targets shortly 
thereafter (Wiesnet and D'Aguanno, 1982), the dual band method was first applied to volcanic 
targets by Rothery et al. (1988), using thermal data from the Landsat Thematic Mapper (TM) and 
Multispectral Scanner (MSS).
Although the dual-band method is a simple means to solve ideal two-component temperature 
models of lava bodies, it suffers under the assumption that a high-temperature pixel contains 
only two components (the high temperature component and its cooler, surrounding crust. 
Oppenheimer (1991), went further, and proposed a three-component model to represent an 
incandescent exposed core, a cooler crust, and a third, lava-free component of cold surrounding 
ground. Oppenheimer's approach used Matson and Dozier's dual band equations with an 
assumed value for the high temperature component, and solved for the fractional component in 
an iterative process. This proved insightful, because larger ground resolution (1.1 km for 
AVHRR versus 30 m for Landsat TM) naturally results in a greater number of thermal 
components.
Oppenheimer's two-band, three-component model was refined with AVHRR data (Harris et 
al., 1997a) as well as Landsat TM (Harris et al., 1998), and a three-band, three-component 
model, also with Landsat TM (Harris et al., 1999). Wright and Flynn (2003) suggested that the 
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three component temperature resolution was insufficient to develop a temperature range, even as 
it was generally effective for the mode. Using a forward-looking infrared (FLIR) thermal 
camera to examine active lava flows at Kilauea Volcano, Hawai'i, they tested dual- and triple­
component models, as well as additional multiple component solutions. Their results concluded 
that a five- to seven-component solution provided the most complete and accurate description of 
the actual subpixel temperature distribution.
3.2.3 Obstacles of thermal remote sensing
Regardless of how the mixed temperature problem is approached, issues still remain with un­
mixing the sub-pixel temperature distribution, especially with the coarse spatial resolution of 
AVHRR. Chief among these issues are the effects of sensor saturation, shallow scan angles, and 
cloud cover.
All thermal sensors have a saturation point; a maximum sensitivity level beyond which an 
increase in radiance no longer registers. At this level, only the maximum radiance is reported, 
but nothing greater (Prata et al., 1995). For most meteorological satellites, including AVHRR, 
saturation levels in the mid-IR and thermal-IR are typically quite low - generally around 50 °C 
to 65 °C. Actual saturation levels, however, are not strictly a function of hardware. Occasional 
changes in calibration, sensor degradation, solar contamination, and other causes, create 
variations in saturation levels (Trischenko et al., 2002). In the past, AVHRR's near-IR channel 
(band 3), the band most sensitive to high-temperature detection (Kennedy et al., 1994), was 
reported to saturate at 50 °C (e.g., Dean et al., 1998), 49.5 °C (e.g., Dehn et al., 2000), 56.85 °C 
(e.g., van Manen et al., 2010a), and 62 °C (e.g., Harris, 2013). The upper bound of band 3 
radiant temperatures observed during this study of the nine month TFE was 66.2 °C, but a 
working value of 62 °C was treated as band 3 saturation.
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Saturation occurs at such a low radiant temperature because only a small fraction of a pixel 
need be occupied by hot material; a lava flow covered by a cool, 100 °C crust occupying a 
ground area of 0.5 km × 0.5 km, if centered in a pixel at nadir, is sufficient to result in mid-IR, 
channel 3 saturation (Harris et al., 1995). When AVHRR data is collected over a large, active, 
lava flow, a significant number of saturated, band-3 pixels may be observed. For those pixels 
that do saturate, the source temperature of the combined thermal components within the pixel is 
greater than, or equal to, the saturation temperature of the sensor (Harris, 2013).
AVHRR can be similarly affected by cloud cover, including smoke and ash clouds, which 
block ground radiance from reaching the sensor. Although thick clouds can be masked out with 
relative ease (e.g., Tapakis and Charalambides, 2013), they may also leave targets obscured for 
days or weeks at a time, and in so doing, leave large gaps in AVHRR's otherwise extensive data 
record. Even when clouds only partially obscure a target, the measured radiant temperature can 
be significantly biased (e.g., Stewart, 1985; Prata et al., 1995). A more difficult detection 
problem involving clouds comes from those areas of very thin clouds and haze, or clouds smaller 
than the sensor's resolution cell. These clouds, usually high cirrus clouds and some low stratus 
clouds are much colder than the surface. Cirrus clouds, in particular, are much colder, and even a 
small number can contribute significant errors. Both can be thin enough to be invisible in visible 
and infrared images, and therefore may remain undetected (Stewart, 1985).
Finally, the satellite's orientation requires attention to determine the geometry of the resolu­
tion cell and its effect on spatial resolution. The scan angle is the angle between the satellite 
nadir and the satellite's view vector of the ground feature. Although the nominal diameter of 
AVHRR's ground resolution cell is stated as 1.1 km, this assumes measurement at nadir. As the 
sensor's view vector moves outward from nadir, the size of its ground resolution cell increases in 
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the cross-track direction as shown in Figure 3.3. This becomes particularly important for thermal 
observations, where accurate temperatures are required, and where resolution cells with multiple 
thermal components account for the cells' change in size as they approach the scan edge. The 
nominal AVHRR ground resolution cell covers an area of 1.1 km × 1.1 km at nadir, but increases 
to approximately 7.2 km × 2.5 km at the edge of the swath (Harris (2013).
3.2.4 Thermal data for effusive deposition volume measurements
Despite these obstacles, thermal data has been successfully used to detect and monitor 
volcanic activity, and to estimate instantaneous effusion rates at effusive volcanic eruptions. To 
accomplish the latter, most researchers follow the concept of Pieri and Baloga (1986), who used 
Hawai'ian lava temperatures collected from field data to establish quantitative relationships 
between conditions at a volcanic vent, and the morphology of its related lava flow. Harris et al. 
(1997a) used AVHRR data and a three-component model to estimate the unmixed pixel 
temperatures and the corresponding hot/warm/cold areas, then applied heat transfer equations to 
obtain a detailed effusion rate, Er. In that equation:
Er = Qtot /ρ(Cp ΔT + clΔϕ) (3.1)
where Qtot is the total thermal flux from the flow, ρ and Cp are lava density and specific heat 
capacity, ΔT is eruption temperature minus solidus, cL is latent heat of crystallization, and Δφ is 
crystallization in cooling through ΔT. This is essentially a force balance of the thermal output of 
the flow, Qtot, divided by the thermal properties of the flow. The same heat transfer method was 
used by Harris et al. (1998) on active lava flows at Kilauea Volcano from Landsat Thematic 
Mapper (TM), and AHVRR data; and Harris et al. (2000) used data from three thermal 
radiometers, AVHRR, TM, and the Along Track Scanning Radiometer (ATSR) to estimate 
effusion rates at Etna (1980-1995), and Krafla (1975-1984).
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Thermal data from AHVRR has also been used to estimate time-averaged effusion rates as a 
function of lava flow areas. Wright et al. (2001) derived a method using the single-band model 
of Harris et al. (1997), for occasions when widespread saturation was present in AVHRR band 3. 
Under those conditions, a range of lava temperatures were assumed, and the fraction of a pixel 
occupied by hot lava was calculated. Eq. 3-1 for Er , was modified to reflect heat loss per unit 
area (FT), and to account for the area of lava at temperature T (AT), which became:
coefficient (Lautze et al., 2004).
Figure 3.3: Sketch of pixel geometry for two adjacent AVHRR scan lines. The size of a ground resolution cell 
increases toward the scan edge, as the distance from the sensor to the target increases. This causes a scale distortion 
that requires adjustment (modified from Harris, 2013).
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Since the terms that relate Er and AT are all constants, Wright et al. (2001) concluded that any 
variation in Er must be proportional to changes in the lava flow areas that were calculated or 
observed, i.e., the equation can be represented as Er = xAT, where x is the thermally derived
These studies of volcanic activity proved the utility of satellite observation of volcanoes, 
particularly those using the high temporal resolution of AVHRR. These studies also helped 
underscore the feasibility of an automated monitoring approach that could quickly detect the 
elevated surface temperatures associated with volcanic activity or pre-activity. Among a 
number of solutions developed for automated volcano monitoring was the Okmok algorithm, 
established at AVO, and implemented during the 1997 eruption of its namesake, Okmok 
Volcano, in the Aleutian Islands (Dean et al., 1998; Dehn et al., 2000; Schneider et al., 2000; 
Dean et al., 2002).
Several times daily, AVHRR data are downloaded to one of two satellite receiving stations at 
the University of Alaska Fairbanks (UAF), where they are scanned, orthocorrected, and 
georegistered (Dean et al., 1998). The data are processed by the Okmok algorithm and its 
successor, Okmok II, to identify potentially elevated surface temperatures, or thermal anomalies. 
An anomalous pixel can be reliably detected if its AVHRR band 3 temperature is at least 5 °C 
above its surrounding eight pixels (Dehn et al., 2002; van Manen et al., 2010b).
Once a potential thermal anomaly is identified, the algorithm employs a Bayesian approach 
to examine the anomalous pixel with a series of tests, including many that are specific to 
individual North Pacific volcanoes. These tests then assign credits and demerits designed to 
maximize the likelihood of a volcanic source, and minimize the likelihood of a false positive 
(Dehn and Harris, 2015). Thermal anomalies in the North Pacific were manually checked at least 
daily until early 2013, when scheduled satellite monitoring of volcanoes on the Kamchatka 
Peninsula and the Northern Kurile Islands was discontinued by AVO (scheduled monitoring was 
continued until 2018 by the research organization V-ADAPT, Inc., and, at this writing is now 
performed by the Kamchatka Volcanic Eruption Response Team) (KVERT, 2019).
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3.2.5 Alternatives to thermal remote sensing: SAR
Remote sensing of volcanic activity is a key element of Earth observation, but there is a need 
to resist solutions to understand the volcanic process from a single set of observations, or from 
one type of observations. Although the coverage available from thermal data, often gathered by 
weather-focused satellites, has become almost ubiquitous given the number of satellites and 
frequency of observations, its ultimate benefit for the volcano community is often diminished by 
low spatial resolution, sensor saturation, weather conditions, and/or environmental distortions 
such as atmospheric emissivity, surface emissivity, and surface reflectivity (Harris et al., 1997a; 
Harris et al., 2007).
Where thermal observations fall short, radar data often succeeds. Most significantly, radar 
systems operate in much longer wavelengths than thermal systems; generally within a range 
from 2.5 cm to 30 cm (Table 3.2). A microwave, or radar wavelength at 5.6 cm (C-band) is 105 
times as long as visible wavelengths, and ~112 times as long as near-IR wavelengths. Because of 
these longer wavelengths, radar signals are not generally blocked by clouds, dust, or ash 
(Ferretti, 2014).
Table 3.2: Frequencies and wavelengths used by selected Earth observation satellites with microwave sensors;
Currently operational sensors are marked (*). , Modified from Ferretti (2014)
Band Frequencies Wavelengths Sensors
L 1 - 2 Ghz 30 - 15 cm SeaSat, JERS-1, ALOS-PALSAR 2*, SAOCOM*
S 2 - 4 Ghz 15 - 7.5 cm Huanjing-1C*
C 4 - 8 Ghz 7.5 - 3.75 cm ERS-1/2, RADARSAT-1/2, ENVISAT, 
Sentinel-1A∕1B*
X 8 - 12 Ghz 3.75 - 2.5 cm COSMO-SkyMed*, TerraSAR-X/Tandem-X*
The weather and daylight independence of radar remote sensing provides important 
advantages over visible and thermal systems for monitoring volcanic eruptions. For time- 
averaged effusion rate estimation in particular, digital elevation data created from multi-temporal 
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interferometric SAR acquisitions have proven to be a useful data source, (Kubanek et al., 2013; 
Poland, 2014; Kubanek et al., 2015).
Calculating differences in topography at a volcano using DEM data acquired before, during, 
and after an eruption provides a direct measure of the volume of effusive material emplaced be­
tween DEM acquisition times (Stevens et al., 1999). DEM time series, therefore, provide a con­
venient means to derive time-averaged effusion rates during an ongoing eruption (Poland, 2014).
Various studies have shown the suitability of using DEM data to derive erupted volumes and 
time-averaged lava effusion rates. DEMs derived by stereo-optical instruments have been used to 
monitor effusion rates during ongoing eruptions (e.g., Schilling et al., 2008; Diefenbach et al., 
2012; Diefenbach et al., 2013). Similar to AVHRR, the disadvantage of these methods lies in 
their dependence on sufficient daylight and suitable weather conditions, limiting the ability of 
optical sensors to provide regular DEM data during an ongoing event (Poland, 2014).
Interferometric synthetic aperture radar (InSAR) data can help overcome these limitations by 
providing cloud-penetrating and daylight-independent observations of an active volcano 
(Kubanek et al., 2017). Repeat-pass InSAR data was used to generate lava flow thickness and 
volume information for eruptions at Mt Etna, Italy (Stevens et al., 2001); Santiaguito Volcano, 
Guatemala (Ebmeier et al., 2012); El Reventador Volcano, Ecuador (Naranjo et al., 2016); and 
Augustine Volcano, Alaska (McAlpin et al., 2017). While these studies resulted in beneficial 
deposition-volume measurements, the sensitivity of repeat-pass data to surface deformation, plus 
the often rapid loss of interferometric coherence at active volcanoes was found to be a cause of 
significant error in DEM estimates derived from repeat-pass InSAR (Wadge, 2003; Kubanek et 
al., 2017).
The DLR's TanDEM-X satellite mission provides a solution to the disadvantages of repeat­
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pass InSAR. TanDEM-X is composed of two nearly identical, C-band radar satellites flying in 
close formation (the first satellite is designated TanDEM-X, and the second, TerraSAR-X (it can 
be a source of some confusion that both the mission, and one of its two satellites are designated 
TanDEM-X). The primary objective of the TanDEM-X mission is the generation of DEMs at 
high spatial resolution and vertical accuracy (Krieger et al., 2007). Its bistatic acquisition mode, 
in which one transmitting station and one receiving station are separated in space (Kostylev, 
2007), permits regular, near-simultaneous InSAR acquisitions over volcanic targets, forming the 
basis for the generation of DEM time series at 11-day intervals or multiples thereof (Kubanek et 
al., 2015). Hence, TanDEM-X DEM data are increasingly used to estimate volcanic effusion 
rates. Recent examples include the estimation of lava dome volumes at Merapi Volcano, 
Indonesia, and Volcan de Colima, Mexico (Kubanek et al., 2013); analysis of the time-averaged 
discharge rate of subaerial lava at Kilauea Volcano, Hawai‘i (Poland, 2014); and the estimation 
of total effusion for the Tolbachik Volcano eruption (Kubanek et al., 2015). .
3.3 Methods
3.3.1 Thermal datasets
To examine the activity of Tolbachik Volcano, 2569 AVHRR observations during the TFE 
were acquired between 27 November 2012 and 27 August 2013. Each observation consists of 
Tolbachik geographically situated within a 40 × 40 pixel grid corresponding to an area of 44 km 
× 44 km. The grid is produced from AVHRR full-scene acquisitions of 2400 × 6400 km (USGS, 
2018), which were received at UAF, and divided at the time of acquisition into seven subsections 
of two sizes: five are 563 km × 563 km, and two are 1126 km × 1126 km. Active volcanoes 
within each subsection, including Tolbachik, were identified and assigned to an area of interest 
within a 40 × 40 pixel square (Dean et al., 1998).
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3.3.1.1 AVHRR data for the TFE
Archived AVHRR data at UAF was available in individual datasets for each of the 2569 
observations acquired during the nine month TFE. Each 40×40-pixel observation consists of 69 
fields containing dates, each band's maximum and mean radiant temperatures, local zenith 
angles for the 40×40 grid, as well as other data for each of 1600 pixels in each grid. Raw 
AVHRR data was downloaded at UAF and converted to radiant temperatures (°C) and albedo 
(%) using an inverse Planck function before being archived (Lauritson et al., 1979; Dehn et al., 
2000). For ease of analysis, all 2569 observations were condensed to 13 pertinent data fields 
each, and reshaped into a 1600 × 13 × 2569 data matrix.
Processing by the well-tested Okmok II algorithm identified thermal anomalies, but within a 
monitoring structure designed primarily to detect new thermal anomalies. Consequently, the 
algorithm flags a maximum of 25 anomalous pixels per observation, under the assumption that 
pixel counts greater than 25 no longer contribute to the objective of detection (J. Dehn, pers. 
comm.). To insure all thermal anomalies were accounted for, the AVHRR band 3 radiant 
temperatures from each 40×40 pixel grid were fit to a normal distribution, and the mean (μ) and 
standard deviation (σ) of background temperatures computed. Thermal anomalies were redefined 
as all pixels with an AVHRR band 3 radiance temperature exceeding μ + 5σ. This was a 
judgmentally determined threshold, which we believed was large enough to exclude warm crust 
and relatively minor atmospheric reflections, but small enough to include substantially all 
significant episodes of effusion. Results were evaluated based on inspection, with outliers 
removed as described in Section 3.4.1.1. This is a relatively simple method compared to the 
Okmok II algorithm, but one that is also intuitive and easy to use, while at the same time 
sufficient to resolve the 25-pixel limit with practical effect.
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3.3.1.2 Saturation of thermal sensors and other issues
Of the initial 2569 observations, at least 1188, or 46%, contained saturated pixels in the mid- 
IR (AVHRR band 3). Saturation issues (described in Section 3.2.3), proved to be particularly 
prevalent during the early phases of the eruption, where large volumes of newly emplaced lava 
overwhelmed the AVHRR temperature range for up to 90% of the available observations (Figure 
3.4). For large effusive events like the TFE, it was clear that saturation poses a significant 
challenge for effusion rate (Er) estimation from AVHRR alone.
Figure 3.4: Percentage of AVHRR band 3 acquisitions with saturated 
pixels during the nine-month TFE.
For temperature and area estimates, examination using the three component model of Harris
(2013), described in Section 3.2.2, was considered necessary due to the large size and complex
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geometry of the eruption (Gordeev et al., 2013; Dvigalo et al., 2014; Belousov et al., 2015; 
Melnikov and Volynets, 2015; Senyukov et al., 2015), which would create at least three 
components: incandescent lava, cooler crust, and cold, ambient surfaces. It therefore seemed 
prudent to consider the observation from Harris (2013), that in lava flows with three thermal 
components, a two-component model will have limited accuracy.
Issues with frequent thermal saturation of AVHRR band 3 data, especially during the most 
active parts of the TFE, complicated the inversion of thermal components using the three- 
component method, leading to bias and stability issues of the solution. Endeavors to estimate 
large scale lava flow temperatures and areas with a three-component model were re-focused in 
favor of the development of an alternative method that relies only on the more robust detection 
of thermal anomalies.
Even without relying on the three component method, the original archive of 2569 thermal 
observations from AVHRR during the TFE was still available. Such a data volume contains 
valuable information if it can be extracted and practically analyzed. It was apparent, for 
instance, that a saturated AVHRR band-3 pixel can be interpreted as thermally anomalous, since 
its integrated radiance temperature met our working saturation level of at least 62 °C. Given 
prior knowledge that the TFE was a largely effusive eruption, we inferred that saturated pixels 
present during the eruption period contained effused lava.
This assumption does not require an estimate of radiant temperature from the sensor; all that 
is necessary is to identify pixels with thermal anomalies from the AVHRR data stack. The μ + 
5σ threshold test (see Section 3.3.1.1) was applied to accomplish this task, resulting in the time 
series of thermal anomalies, HS(t). The resulting time series provides a day-by-day profile of 
activity during the TFE (see Figure 3.12), tracing variations of effusion as the event progresses.
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Despite its importance for identifying variations in effusion, HS(t) cannot directly measure the 
desired parameters of effused volume, V(t,) and effusion rates, Er(t), because additional 
information and assumptions are needed to scale thermal anomaly data into these variables.
3.3.2 Synthetic aperture radar (SAR) data
If such additional information could not be found within the AVHRR data, then it could 
potentially be found or inferred with SAR observations. Using interferometric processing of the 
phase information, high resolution, three-dimensional maps can be created from data of the 
TanDEM-X mission as discussed in Section 3.2.5. When compared for differences, the resulting 
digital elevation models (DEMs) provide accurate, high spatial-resolution maps of changes in 
topography during the course of the eruption; i.e., highly reliable estimates of effusive volume 
and activity.
The high spatial resolution of SAR data offers a solution that AVHRR's coarse resolution 
cannot match, but at a cost of temporal sampling. While TanDEM-X has the theoretical 
capability to provide DEM data every 11 days, the effective sampling suitable for DEM 
generation is typically lower. This is due, in part, to the reality that DEM generation requires 
certain optimized observation conditions that are not always met. Available DEM-capable 
TanDEM-X datasets for the TFE are discussed below.
3.3.2.1 TanDEM-X data for the TFE
The TanDEM-X datasets were acquired in bistatic InSAR stripmap mode with an azimuth 
resolution of 2 m and a ground range resolution of 1.5 m to 3.5 m (Roth, 2003). This mode uses 
either TerraSAR-X or TanDEM-X satellites as a transmitter to illuminate a common radar 
footprint on the Earth's surface. The full list of TanDEM-X data used in this study is provided in 
Table 3.3, together with parameters relevant for InSAR-based DEM generation. A total of 12 
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bistatic TanDEM-X InSAR pairs were analyzed, including a pre-eruption data pair from 15 
November 2012, used as the base dataset to estimate the eruption. Ten syneruptive InSAR pairs 
are available between 7 December 2012 and 17 August 2013, providing DEM data on time 
intervals between 11 and 55 days. The largest sampling gap (55 days) occurred between 16 
March 2013 and 10 May 2013. One post-eruption pair, acquired on 11 October 2013, is used to 
assess the total deposition volume accumulated throughout the eruption.















Preeruptive 11-15-2012 31.6 -210.6 0.83 0
Syneruptive 12-07-2012 40.6 -162.0 0.84 11
12-18-2012 41.3 -159.4 0.84 11
01-09-2013 42.1 -155.9 0.84 22
02-22-2013 53.8 -120.3 0.83 44
03-16-2013 53.5 -120.8 0.83 22
05-10-2013 25.2 -261.1 0.84 55
06-01-2013 31.8 -206.1 0.83 22
06-23-2013 28.1 -233.8 0.85 22
07-15-2013 37.9 -171.2 0.85 22
08-17-2013 110.2 -58.9 0.81 33
Posteruptive 10-11-2013 92.9 69.5 0.81 55
3.3.2.2 InSAR processing workflow for DEM generation
The derivation of DEMs from TanDEM-X InSAR data takes advantage of the sensitivity of 
the interferometric phase φ to surface topography. The interferometric phase of a generic SAR 
interferogram is the sum of the phase contributions from all elemental scatterers in the resolution 
element, and can be expressed as 
where ϕi,j is the InSAR phase calculated from SAR acquisitions i and j. The phase values ϕi,j 
contain information about the surface topography h encoded in phase component (ϕi,j,topo) as 
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well as the surface deformation ∆di,j = (dj - di) that occurred between the image acquisition 
times ti and tj (ϕi,j,defo). The InSAR phase, ϕi,j is furthermore affected by differences in the 
atmospheric propagation properties at times ti and tj (ϕi,j,atm), errors in satellite orbits 
(ϕi,j,orbit), and noise (ϕi,j,noise ).
For bistatic TanDEM-X acquisitions, we can assume that ti ≈ tj such that ϕi,j,defo and
ϕi,j,atm can be considered negligible; hence Eq. 3.3 simplifies to
To extract topography information from Eq. 3.4, suppression of orbit errors (ϕTDXi,j,orbit) and 
appropriate statistical modeling of measurement errors (ϕTDXi,j,noise) needs to be accounted for in 
the analysis. Then, the sensitivity of the phase values in Eq. 3.4 to the target parameter h (surface 
topography), is given by 
where is the effective perpendicular baseline corresponding to half of the perpendicular 
baseline of the bistatic TanDEM-X acquisition geometry (Table 3.1). In Eq. 3.5, r is the sensor- 
to-target range, θ is the look angle of the system, λ is the wavelength of the transmitted signal, 
and h is the surface elevation.
InSAR processing can generally be divided into three parts: (1) the pre-eruption DEM 
processing, (2) the syneruption and posteruption DEM processing, and (3) the differential DEM 
analysis. A short synopsis of the processing approach, condensed from Kubanek et al. (2017) is 
provided below.
1. Pre-eruption DEM processing: To derive information about the pre-eruptive 
topography of Tolbachik Volcano, a DEM acquired by the Shuttle Radar Topography Mission 
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(SRTM), flown on the Space Shuttle Endeavour in February, 2000 (Farr et al., 2007) was 
updated. An interferogram ϕpre was formed from the pre-eruption TanDEM-X data pair. To 
assist in phase unwrapping, a reference phase derived from the existing 90m-resolution SRTM 
DEM, φref_topo, was subtracted from ϕpre resulting in the residual phase measurement φ. This 
residual phase φ is filtered and unwrapped using the Statistical-cost, Network-flow PHase­
Unwrapping algorithm (SNAPHU) of Chen and Zebker (2002). The resulting φunw contains the 
difference ∆h between the SRTM DEM and the true pre-eruption topography as well as a 
potential signal related to satellite orbit errors. A first-order polynomial plane is subtracted to 
compensate for these orbit errors arriving at ϕΔh The reference phase ϕref_topo is added to ϕδh 
and phase-to-height conversion is performed to arrive at the TanDEM-X-based pre-eruption 
DEM hpre. The height map hpre to a pixel spacing of 11.2 m × 13.2 m..
2. Syneruption and posteruption DEM processing: Each syn- and post-eruption data pair 
listed in Table 3.3 was processed in the same way as the pre-eruption data pair, but using the 
newly generated reference DEM hpre to create the reference phase ϕref,_topo.
3. Differential DEM analysis: This step extracts deposition volumes from the DEM data. 
The pre-eruption DEM hpre is subtracted from each processed syn- and post-eruption DEM in 
the geocoded domain. The DEM differencing enables mapping of the lava flows extruded 
between 15 November 2012 and the corresponding acquisition time of the syn- and post-eruption 
data pairs (Table 3.3). In addition, estimates of the lava flow volume and time-averaged 
discharge rates for different time intervals of the eruption can be calculated.
The time evolution of lava flow emplacement, calculated as described above, is shown in Figure 
3.5, where progressive thickening of the flow can be seen in sequence in Figure 3.4(a) - 3.4(k).
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Figure 3.5: DEM time series during the TFE, calculated from TanDEM-X InSAR data (Kubanek et al., 2017). 
While TanDEM-X data is not always available on the same dates major events occur, the DEM time series is 
consistent with selected milestones as follows. (a)-(d) Menyailov Vents ceased effusion, and Vodopadnoye Lava 
Field stopped its westward growth in early December 2012; (c) Leningradskoye Lava Field reached its maximum 
length of 17.8 km in mid- December 2012: (c) Toludskoye Flow Field began to form in early January, 2013: (h) 
Flow field thicknesses reach 10 m at Vodopadnoye, 69 m at Leningradskoye, and 53 m at Toludskoye, early June, 
2013: (j)-(k) Effusion reduces to zero, late August, 2013 (Belousov, 2015).
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3.3.2.3 Accuracy assessment
An assessment of the derived DEM difference observations was conducted by Kubanek et al. 
(2017) that was based on four reference areas outside the footprint of the TFE lava flow. The 
areas were chosen to cover different topographic terrain and different levels of vegetation cover. 
An analysis of height differences within the selected reference areas resulted in a mean elevation 
difference (μ), centered on zero while the standard deviation of the mean elevations (σμ) in 
allreference areas was 1.63 m. These results indicate the TanDEM-X measurements of elevation 
differences were of high vertical accuracy. Additionally, the measurements indicate that flow 
thickness observations from TanDEM-X were not significantly biased.
3.3.3 Combining the AVHRR thermal time series and SAR DEM differencing
The goal of combining AVHRR hotspot and TanDEM-X DEM time series data was to 
improve upon the effusion rate observations extracted from the individual datasets alone. Of 
particular interest from this analysis was the extraction of time-averaged discharge rates for very 
large effusive eruptions such as the TFE.
As discussed above, the complementary properties of the two datasets suggest that a joint 
analysis of AVHRR thermal and TanDEM-X derived DEM time series data may provide new 
evidence on changing volcanic processes that cannot be gleaned from processing the datasets 
individually. The independent nature of their respective measurement variables is an additional 
benefit, as it ensures that the error sources affecting each measurement type are statistically 
uncorrelated.
The workflow of our data combination approach is shown in Figure 3.6, and uses the 
combined observations from TerraSAR-X DEMs and AVHRR hotspot time series to arrive at 
temporally detailed and physically unbiased information on the effused volume and the effusion 
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rate history of the TFE. This approach is composed of three main processing steps, as follows. 
Step 1: an initial co-registration of AVHRR hotspot and TanDEM-X DEM data followed by a 
resampling of TanDEM-X data to the AVHRR observation geometry to prepare the data for joint 
processing. Step 2: a residual co-registration between the two datasets to identify and correct for 
occasional geolocation errors in AVHRR data; and Step 3: a fusion of the AVHRR and 
TanDEM-X data to develop at a joint time series of lava effusion.
3.3.3.1 TanDEM-X to AVHRR resampling
To process both datasets together, the AVHRR and TanDEM-X data must be available in the 
same geographic coordinate system. While both datasets are available in a WGS84 reference 
frame and latitude-longitude coordinate grid, their initial spatial resolution is different and needs 
to be harmonized.
Figure 3.6: Workflow for combining TanDEM-X-derived DEM time series information with AVHRR thermal 
data for improved effusion rate information.
As the final time series will be sampled at the AVHRR acquisition times, the coarser 
resolution of the yet more frequently acquired AVHRR data was selected as the reference 
geometry for the joint data stack. It was therefore necessary to resample the TanDEM-X-derived 
flow thickness time series, F(t), onto the AVHRR geometry, resulting in resampled flow 
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thickness data, Fres(t). This resampled dataset has a spatial sampling of 0.016°, corresponding to 
an approximate pixel size of 1.1 km × 1.1 km. An example of a resampled flow thickness map 
from 11 October 2013 is shown in Figure 3.7. Note that the maximum flow thickness appears 
reduced, as the original flow thickness map, shown in Figure 3.5k, is resampled to the lower 
AVHRR resolution.
3.3.3.2 Residual AVHRR/TanDEM-X co-registration
To facilitate the combination of AVHRR and TanDEM-X DEM time series, an accurate co­
registration between the two datasets is essential. To this end, occasional mis-registrations of 
AVHRR observations must be identified and corrected. These mis-registrations originate from
Figure 3.7: Flow thickness map Fres from 11 October 2013, originally shown in Figure 3.5(k), resampled to the 
lower AVHRR resolution.
spurious geolocation errors that occur when AVHRR observations are acquired at a shallow scan 
angle; i.e., when Tolbachik Volcano is near the western edge of the swath width (better 
acquisitions are possible when the target has moved closer to the satellite's nadir, but by this 
time, the UAF receiving station would be out of position).
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To facilitate the identification and correction of occasional AVHRR registration errors, a 
three-step pattern matching approach was developed:
1) The flow thickness difference, ∆Fres, between two consecutive TanDEM-X acquisition time 
steps tTDx(n - 1), and tTDx(n) is calculated.
2) Height error σFres = σF∕√m. is used with the AVHRR/TanDEM-X resolution ratio m to 
identify pixels showing significant flow thickness increases between time steps tTDx(n - 1), 
and tTDx(n) according to
ΔFres > 2σFres (3.6)
Here, a significant flow thickness increase is defined as that in excess of two standard deviations 
as a means to limit the risk of incorrect acceptance to 5% or less.
3) The final step, the identified pixel pattern is co-registered to the hot spot maps of all AVHRR 
acquisition times, tAVHRR, between tTDx(n - 1), and tTDx(n), by calculating the geometric 
center of the respective pixel masks, measuring their offsets in latitude and longitude direction, 
and correcting these identified offsets.
Figure 3.8 shows an example of the achieved co-registration quality. Here, AVHRR hot spot 
pixels (in white) on 9 December 2012, are overlain on pixels with significant flow thickness 
increases between TanDEM-X DEM observations from 7 December 2012 and 18 December 
2012 (in gray). It can be seen that all thermal anomalies are contained within areas that 
experienced flow thickening.
Although Figure 3.8 was intended to demonstrate co-registration quality, it also results in a 
comparison of hot spot locations relative to areas of significant flow thickness. This is 
suggestive of levee formation quite early in the eruption, particularly when viewed with the lava 
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flow emplacement maps in Figure 3.5, which similarly indicate thickening near the flow
centerlines.
3.3.3.3 Fusion of AVHRR and TanDEM-X DEM time series information
After resampling and residual co-registration, the data are now ready for combination. Our
approach for AVHRR/TanDEM-X fusion rests on the following considerations:
• Each DEM in the TanDEM-X-based time series is assumed to provide unbiased estimates of
the flow thickness F(t) and the total effused volume V(t) at the observation times tTDX.
• Differences in flow thickness (ΔF(t)) between time steps tTDx(n - 1) and tTDx(n) are
assumed to be the sum of all effusive events that occurred between these two time steps.
Figure 3.8: A comparison of AVHRR hotspot pixels (in white) to pixels with significant flow thickness 
increase (in gray) for 9 December 2012 demonstrates the quality of co-registration method. All thermal 
anomalies identified for 9 December 2012, are contained within the area for which TanDEM-X detected a 
flow thickening increase between 7 December 2012 and 18 December 2012.
• Thermal anomalies extracted from AVHRR data are assumed to capture effusive events at
observation times tAVHRR and represent the number and the timing of effusive events
between TanDEM-X observation times tTDx(n - 1) and tTDx(n).
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with k being the number of AVHRR thermal anomalies detected between time steps 
HS
tTDx(n - 1) and tTDx(n). This allows the flow thickness time series of the joint
AVHRR/TanDEM-X acquisition times to be expressed as:
Figure 3.9 conceptually demonstrates the approach for generating flow thickness time series 
information from the joint processing of AVHRR/TanDEM-X acquisitions. It displays the 
thickness evolution of the flow deposit, FAVHRR+TDX(t), at a single pixel in the AVHRR domain.
The integrated TanDEM-X-based flow thicknesses are used to interpolate between less frequent 
TanDEM-X acquisition times, revealing evidence of the ebb and flow of volcanic activity at high 
temporal resolution with minimal bias.
3.3.4 Eruption characterization from AVHRR/TanDEM-X time series data
The combination of TanDEM-X DEM data with AVHRR hotspot data adds new, critical 
details to the previously known eruption profile of the TFE. Using the AVHRR hotspot 
information, with its higher temporal resolution, to interpolate deposition between TanDEM-X 
DEM acquisition points improves the timing of the onset of the eruption, and reveals several 
periods of higher effusion that were not detectable in the TanDEM-X DEM data alone.
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Based on these considerations, we can establish that the joint time series, FAVHRR+TDX(t), 
represents the thickness of emplaced material at each of the N TanDEM-X acquisition points, 
tτDX. High temporal resolution AVHRR hotspot information is used to interpolate between 
those TanDEM-X acquisition points by assuming each AVHRR hotspot between time steps 
tTDX(n - 1), and tTDx(n), adds the following amount of flow thickness
Figure 3.9: Principle of AVHRR/TDX combination for improved estimation of effusive history. 
effusion between two data points t (n-1) and t (n) by TanDEM-X alone presents as a linear function. 
By interpolating AVHRR pixel counts as described in the text, a more responsive polynomial trend 
emerges.
3.3.4.1 Total effused volume
Figure 3.10 shows the evolution of the total effused volume of the TFE as derived via the 
developed joint-series method (blue line) in comparison to the previously available information 
(TanDEM-X DEM time series; green line/triangles). The first 5.5 months of the eruptive phase 
are shown, and demonstrate that the joint time series traces the TanDEM-X-only derived effused 
volume time series published by Kubanek et al., (2017) without significant bias, while increasing 
the amount of available detail about the temporal evolution of the TFE. Both time series record a 
total of 0.45 km3 of effused material over the first 5.5 months of the eruption with 66% of the 
material (0.4 km3) emplaced within its first 20 days. In addition to the TanDEM-X observations 
alone, the joint AVHRR/TanDEM-X effusion volume time series clarifies the timing of the onset 
of the eruption and reveals several periods of higher effusion that were previously undetectable.
More information from the generated data is presented in Section 3.4.1.
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Figure 3.10: Time evolution of total effusion volume (km3). Cumulative deposition determined by combined 
AVHRR and TanDEM-X DEM data are shown in blue; TanDEM-X data alone is shown in green/triangles. The 
first 5.5 months of the eruptive period are shown. The combination of TanDEM-X DEM information with AVHRR 
hotspot data reveals new details about variations in effusive volcanic activity over time.
3.3.4.2 Time-averaged discharge rates for the TFE
Time-averaged discharge rates (Figure 3.11) are calculated from the total effused volume 
information by dividing volume increases between two consecutive time steps by their respective 
time difference. As volcanic activity can vary widely at the temporal sampling of AVHRR, 
effusion rates calculated at the full temporal resolution of AVHRR would lead to information 
that is difficult to analyze due to its high level of detail. To avoid this, we chose to derive time- 
averaged discharge rates on a 5-day basis instead. This 5-day basis was found to be a good 
compromise between preserving temporal detail without obscuring the long-term behavior of 
effusion with a high level of short-term variability.
Five-day time-averaged discharge rates derived from the joint AVHRR/TanDEM-X time 
series are displayed as a bold blue line in Figure 3.10. The information in this figure indicates 
that most lava was effused during the first few days of the eruption, maintaining a time-averaged 
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discharge rate of ~ 300 m3 s-1 throughout the initial 10 days of the event. Effusion dropped 
significantly thereafter, maintaining ~100 m3 s-1 for another 10 days before leveling out at 0-30 
m3 s-1 for most of the remainder of the event. A measurable increase in effusion is observed near 
the end of the eruptive period, adding a final 0.05 km3 of lava in August 2013 before activity 
ceased later in that month. This uptick was also observed in the original TanDEM-X-based DEM 
time series and is mostly related to the final buildup of the Toludskoye Lava Field (see Section 
3.4.1.2).
Figure 3.11: Comparison of time-averaged effusion rates from TanDEM-X DEM differencing (Kubanek et al., 
2017), stereo photogrammetric measurements (Dvigalo et al., 2014), and five-day moving average integrated 
AVHRR/TanDEM-X time series.
To validate the derived effusion rate information, the data in Figure 3.11 is augmented with 
previously published effusion-rate information. Dvigalo et al. (2014) processed multi-temporal 
photogrammetric data from an airborne platform to derive multiple DEMs over the areas covered 
by lava flow deposits. A total of four DEMs were available throughout the duration of the event 
with acquisition dates on 29 November 2012, 13 December 2012, 06 March 2013, and 05 June 
2013. Lava flow volumes were calculated from the DEMs and time-averaged discharge rates 
were derived (gray line and squares in Figure 3.11). Kubanek et al., (2017) generated DEMs at 
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sparse temporal sampling from TanDEM-X data to assess the effusive behavior of the TFE. 
These DEMs (described in more detail in Section 3.3.2.1) allowed for the generation of effusion­
rate information at about a monthly sampling rate (green line and triangles in Figure 3.11).
Figure 3.11 shows a good relationship between the joint AVHRR/TanDEM-X derived 
effusion-rates with Dvigalo et al. (2014), while providing more temporal detail than previously 
available. During the first two days of the eruption, Dvigalo et al. (2014) reported a time 
averaged effusion rate of 417 m3 s-1 (restated from 440 m3 s-1 from the provided data) while 
Kubanek et al. (2017), reports a ten-day time average discharge rate of 248 m3 s-1. Both of these 
independent observations are within a reasonable range of the five-day moving average of ~300 
m3 s-1 derived from the joint AVHRR/TanDEM-X data in this research study. Figure 3.11 
highlights the similarity between the discharge and decay rates of the joint AVHRR/TanDEM-X 
time series, and the rates derived by Dvigalo et al. (2014) and Kubanek et al. (2017).
Compared to the two reference time series, the results from joint AVHRR/TanDEM-X 
processing show a rapid drop in time averaged discharge rate in early December 2012. This drop 
in activity corresponds to other published information. The joint AVHRR/TanDEM-X data also 
show a comparably quiescent period between 23 December 2012 and 28 December 2012 where 
time-averaged discharge rates dropped to approximately 20 m3s-1. Short term variations in 
eruption rate are further analyzed for individual test sites in Section 3.4.1.2.
3.4 Discussion
3.4.1 New findings about the TFE
3.4.1.1 Characteristics of the time series of thermal anomalies HS(t)
The time series of thermal anomalies as detected from the available AVHRR data is shown in 
Figure 3.12. Similarly to the time-averaged discharge rate in Figure 3.11, this time series of hot 
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pixel counts follows the same pattern expected from an effusive eruption as postulated in Wadge
(1981); i.e., an effusion rate increasing rapidly to a maximum, then falling slowly with time. In
Figure 3.12: The number of thermal anomalies identified in AVHRR band 3 during the TFE, from 27 November 
2012 through 27 August 2013. Blue lines represent actual pixel counts; red line represents a ten-observation 
smoothing.
Figure 3.11, the number of thermal anomalies is highest at the beginning of the eruption, when 
effusion is typically greatest, but decreases as the eruption progresses, until ceasing entirely after 
27 August 2013. Observations with anomalously high pixel counts have been excluded from 
Figure 3.11. Such values, identified as those in excess of 1.5% of the interquartile range (Tukey, 
1977), were considered outliers. To account for the heteroscedastic nature of the data, i.e., the 
significantly higher level of activity at the onset of the eruption, outliers were recomputed in two 
week windows.
During the course of the eruption, several episodic pulses of activity can be identified in 
Figure 3.11, providing a general timeline of the ebb and flow of the TFE. Strong variations in 
pixel counts are particularly evident in early phases of the eruption where periods of more 
vigorous effusion are interrupted by brief periods of relative quiescence. Hot pixel counts during 
these first two weeks of the eruption are shown in Figure 3.13 to demonstrate their association 
with previously reported field observations. Four activity phases (labeled (A) through (E) in
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Figure 3.13) can be distinguished and compared to field-observed activity reports in Table 3.4. A 
comparison of the activity phases in Figure 3.13 with field reports in Table 3.4 shows generally 
good correspondence between the different data types.
Figure 3.13: AVHRR hot pixel counts plotted during initial two weeks of the eruption demonstrate correspondence 
with observed activity. Blue line represents actual pixel counts; red line smoothed over ten observations.
Descriptions of observed activity for phases (A) through (E) are listed in Table 3.4. Outliers, as described by Tukey 
(1977), were removed to clarify scaling.
3.4.1.2 Samples of lava deposition time series for selected geographic locations
Based on the joint AVHRR/TanDEM-X time series, we can explore the history of deposition 
for sample points across the lava flows emplaced by the TFE. In Figures 3.14 through 3.18, five 
selected sample points showcase the information in the joint AVHRR/TanDEM-X dataset, and 
analyze the timing of lava emplacement as a function of geographic location. These five sample 
locations (identified in Figure 3.2), are spread across the full reach of the 2012-2013 lava flow 
fields, and include locations near Naboko Vent (location #1), the Leningradskoye Lava Field 
(locations #2 and #5), and the Toludskoye Lava Field (locations #3 and #4). In Figures 3.12 
through 3.16, both the joint time series (black lines) and the TanDEM-X-only time series (gray 
lines) indicate the evidence gained through the developed data combination. Descriptions of 
activity presented for each figure pertain to the limited area defined by a single resolution cell.
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Table 3.4: Descriptions of reported activity during the first two weeks of eruption; phases (A) through (E) 
correspond to the periods identified in Figure 3.13.
Phase Date/time (UTC) Reported activity
(A) 28-Nov-2019, 
03:41 through 30- 
Nov-2019, 21:47.
Eruption detection: red shading, reflects rapid increase in 
activity, characterized by visible lava fountains from both 
Menyailov and Naboko vents, explosive activity, eruptive 
fissures, and lava gushing from vents (Gordeev et al. 2013, 
Belousov et al., 2015, and Melnikov and Volynets, 2015); 
maximum time averaged discharge rate (440 m3 s-1) attained 
during this period (Dvigalo, 2014).
(B) 1-Dec-2012, 00:47 
through 3-Dec- 
2012, 18:08.
Blue shading, corresponding to reported reduction of activity in 
multiple vents, and cessation of activity in the middle-upper 
parts of the eruption fissure and the Menyailov Vent (Belousov 
et al. , 2015, and Melnikov and Volynets, 2015).
(C) 3-Dec-2012, 18:27 
through 5-Dec- 
2012, 02:22.
Unshaded: a brief pulse not directly reported by observers.
(D) 5-Dec-2012, 04:05 
through 7-Dec- 
2012, 17:24.
Green shading; decrease in hot pixel counts corresponding to 
cessation of activity on the lowermost part of the eruption fissure 
(on the summit of Krasnyi Cone and its south-western foot); 
Vodopadnoye Flow Field stops; Naboko Vent feeds 
Leningradskoye Flow Field, which continues to grow (Belousov 
et al., 2015).
(E) 8-Dec-2012, 01:14 
forward:
Gray shading; fountaining and outpouring of lava continues; 
growth of scoria/agglutinate cone at Naboko Vent. The next 
eight months' activity is described by Belousov et al. (2015), as 
relatively monotonous, with gradual transformations.
Accordingly, certain events, particularly dates and times related to the beginning and cessation of 
effusive activity, may differ in some degree from more general observations reported by 
observers.
Location #1 - near Naboko Vent (55.7612°N, 160.3087°E), Figure 3.14: The joint dataset 
clarifies the date and time of first deposition detected at this location as 30 November 2012, 
02:42 UTC. Flow thickness increased rapidly during the early phases of the eruption until 7 
December 2012 at 03:42 UTC when flowing lava slowed and nearly ceased. A significant 
increase in activity was observed again on 28 December 2012. Noticeable activity pulses 
followed between 25 January 2013 and 31 January 2013 as well as between 24 February 2013 
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and 1 March 2013. During both of these episodes, lava flow thickness increased rapidly over a 
short time. Lava flow thickening at these locations ceased on 8 May 2013.
Figure 3.14: Time series of lava flow thickness for sample location #1, situated near Naboko Vent 
(55.7525°N, 160.2928°E). The joint AVHRR/TanDEM-X dataset is shown as black line; gray line shows 
information available from TanDEM-X DEM data only.
Location #2 - Leningradskoye Lava Field (55.7525°N, 160.2928°E), Figure 3.15: This 
location is ~1.9 km southwest of the Naboko Vent. Deposition began on 30 November 2012, 
17:01 UTC, and proceeded rapidly until 9 January 2013, building a lava flow of significant 
thickness. This initial flow buildup was only briefly interrupted by two periods of comparably 
low deposition between 9 December 2012 and 14 December 2012, as well as between 23 
December 2012 and 28 December 2012. Two more periods of significant thickening followed 
(21 January 2013 through 1 February 2013, and 27 February 2013 through 3 March 2013) before 
lava buildup ceased around 18 March 2013
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Figure 3.15: Time series of lava flow thickness for sample location #2, situated on Leningradskoye Lava 
Field (55.7525° N, 160.2928° E). The joint AVHRR/TanDEM-X dataset is shown as black line; gray line 
shows information available from TanDEM-X DEM data only.
Location #3 - Toludskoye Lava Field (55.7525°N, 160.3405°E), Figure 3.16: Even though 
the Toludskoye Lava Field began forming around 28 December 2012 (site location 55.7525°N, 
160.3246°E, not shown) significant lava buildup at location #3 commenced only on 7 January 
2013, 16:19 UTC. A first rapid pulse of initial lava flow thickening lasted until 1 February 2013, 
interrupted only by two short periods of slowdown between 11 January 2013 and 13
January2013, and from 15 January 2013 until 25 January 2013. After 1 February 2013, lava 
buildup at this location ceased for more than two months before restarting with varying activity 
levels on 8 April 2013. Last deposition at this location is recorded on 14 August 2013. Both the 
identified beginning and end of depositional activity at this site are consistent with field reports 
(Dvigalo et al., 2014; Belousov et al., 2015).
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Figure 3.16: Time series of lava flow thickness for sample location #3, situated near the proximal end of
Toludskoye Lava Field (55.7525°N, 160.3405°E). The joint AVHRR/TanDEM-X dataset is shown as 
black line; gray line shows information available from TanDEM-X DEM data only
Location #4 - Toludskoye Lava Field (55.7438°N, 160.3564°E), Figure 3.17: This location is 
~1.5 km southeast of the previously discussed location #3, also situated on Toludskoye Lava
Field. Initial buildup of flow thickness at this location started on 13 January 2013, and ended on 
1 February 2013. The end of this initial buildup period was found to be identical for locations #3 
and #4, providing evidence of the quality of the derived observations. After an extended period 
of little or no deposition, lava flow thickening restarted on 1 June 2013. Consistent with field 
reports (Dvigalo et al., 2014), the last detection of deposition at this site occurred on 26 August 
2013.
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Figure 3.17: Time series of lava flow thickness for sample location #4, situated on Toludskoye Lava Field 
55.7438°N, 160.3564°E). The joint AVHRR/TanDEM-X dataset is shown as black line; gray line shows 
information available from TanDEM-X DEM data only.
Location #5 - Leningradskoye Lava Field (55.7438°N, 160.1179°E), Figure 3.18:
This last site is located near the western edge of the Leningradskoye Lava Field and provides 
observations to determine when the Leningradskoye Lava Field reached its maximum length.
The joint AVHRR/TanDEM-X data shows first signs of lava flow emplacement on 1 December 
2012 at 03:06 UTC, only five days after the first reported lava flows on 27 November 2012, 
05:15 UTC (Gordeev et al., 2013). This is consistent with other observations that indicate the 
Leningradskoye Lava Field was emplaced rapidly. While Dvigalo et al., (2014) reports
Leningradskoye's maximum westerly extent only for 13 December 2013, the 12-day time offset 
is likely due to the spare data that was available. Dvigalo et al., (2014) observations were based 
on airborne imagery acquired on only four dates (29 November 2012, 13 December 2012, 06 
March 2013, and 05 June 2013). The joint AVHRR/TanDEM-X time series, therefore, 
significantly improves upon previously existing information about the timing of maximum reach.
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Figure 3.18_also shows that the last significant lava flow thickening was recorded on 8 
December 2013 indicating that the westernmost reaches of this lava field were emplaced within 
the first 21 days of the eruption. While AVHRR recorded some additional thermal anomalies 
later on during the eruption, these did not contribute significantly to the overall thickness of the
flow.
Figure 3.18: Time series of lava flow thickness for sample location #5, situated on Leningradskoye Lava Field 
(55.7438°N, 160.1179°E). The joint AVHRR/TanDEM-X dataset is shown as black line; gray line shows 
information available from TanDEM-X DEM data only
When compared to the total effused volume plot (Figure 3.10), the individual point locations 
indicate that most of the deposition during the eruption occurred near the main vents and along 
the Leningradskoye Lava Field. While the buildup of the Toludskoye Lava Field led to a 
noticeable uptick in the total effused volume and the time-averaged discharge rate (Figure 3.11) 
starting around mid-January and lasting until mid-February 2013, the contribution of this lava 
field to the total effused volume is ~13%. Our data shows cessation of the last significant lava 
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deposition around 26 August 2013, which is in good agreement with the 23 August 2013 end of 
activity reported by Belousov et al., (2015), and the 27 August 2013 ending by Kubanek et al.
(2017).
3.4.2 Main capabilities and limitations of developed technology
In this study, a combination of AVHRR hotspot and TanDEM-X DEM time series data were 
used to evaluate lava deposition for large effusive eruptions; specifically, the 2012-2013 volcanic 
eruption at Tolbachik Volcano, Kamchatka. Our approach was motivated by the complementary 
capabilities of the two data sources:
• TanDEM-X time series are able to provide unbiased information on effusion volumes and 
lava flow thickness for large effusive events, yet, their sparse temporal sampling leads to an 
incomplete characterization of the volcanic activity.
• AVHRR thermal remote sensing data provides regular observations of a volcanic system at a 
high temporal sampling rate of several measurements per day. Hotspot observations extracted 
from these data can provide a detailed history of the volcanic activity, yet, AVHRR's 
frequent saturation issues reduce the capability of the sensor to provide unbiased effusion 
information for eruptions creating large lava deposits over periods of weeks or months.
Our approach preserved the flow thickness and effusion volume observations at the sparse 
TanDEM-X DEM acquisition points and used AVHRR hotspot data to add observations on 
the effusion history between the TanDEM-X-based anchor points.
In the following, we discuss the main advantages and limitations of the developed technique.
We also highlight potential modifications to our approach that may help alleviate some of the 
identified limitations.
136
3.4.2.1 Benefits of the proposed data fusion approach
The proposed combination of AVHRR hotspot and TanDEM-X DEM time series data 
permits the creation of a temporally dense effusion time series for large effusive eruptions while 
avoiding saturation-related biases. The combined dataset can reveal detailed observations on the 
temporal evolution of volcanic activity, and significantly for Tolbachik, the joint dataset provides 
detailed results on:
• The history of lava emplacement for all geographic locations sampled by our dataset 
including the identification of high-effusion periods and periods of quiescence.
• Details on the onset and duration of deposition at each image pixel.
• A detailed history of total effused volume including the timing of the beginning and end of 
effusive activity.
• Time-averaged discharge rates calculated over hours rather than weeks provide new 
observations on active and passive episodes at Tolbachik that could not be gleaned from 
previously available data.
The approach developed here can be transferred to other volcanoes known to have large 
effusive eruptions, if sufficient TanDEM-X coverage is available. The joint dataset may also be 
used to test if the observed effusive behavior of an eruption deviates from established effusion 
rate models. For instance, Wadge (1981) analyzed the variation of effusion rates for different 
basaltic eruptions and concluded that basaltic eruptions very often begin with initial high 
effusion rates and continue with much lower rates comparable to an exponential flow model, 
Er(t) = Er_max ∙e-ξt (3.9)
which relates the effusion rate at any time during the eruption (E (t)), to the maximum lava 
discharge rate (Er_max), and a decay constant (ξ). Densely sampled effusion observations, such as 
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those provided here for the TFE, can offer important inputs to test effusion models, which may 
lead to an enhanced characterization of eruption dynamics and magma movement. Decay 
constants, derived from a model fit to observations, can reveal evidence of reservoir depth, such 
as deep reservoirs, that tend to have eruptions with slowly waning flows (Wadge, 1981).
3.4.2.2 Limitations of the technique
Our approach is based on a number of assumptions that give rise to its main limitations:
Assumption 1: The available AVHRR hotspot observations provide a true representation of 
the effusive activity between two TanDEM-X sampling points. This necessarily involves two 
additional, implicit assumptions:
• The false alarm rate of the hotspot detection method is low, i.e., the effusive activity is 
correctly represented in the data.
• The temporal sampling provided by valid AVHRR scenes is regular. This assumes that 
temporal gaps between observations, due to cloud cover or unfavorable imaging geometry, 
are spread randomly throughout the time series. Extended temporal gaps could lead to a 
biased representation of effusive activity between TanDEM-X time steps.
We consider the first of these considerations as less critical, as the hotspot detection approach 
uses a low false alarm rate (Dehn and Harris, 2015), and as residual false alarms should be 
random in time, which both minimize effects on the shape of the effusion time series.
The assumption of evenly distributed temporal gaps between usable AVHRR observations is 
of higher importance as neither the appearance of clouds nor the distribution of cloudy data is 
strictly random in time. Hence, the temporal distribution of AVHRR datasets across our time 
series (Figure 3.19) was analyzed and shows that, for the TFE, the temporal gaps between 
observations with potentially erroneous data is log-normally distributed, as would be expected 
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for random variables with small mean and large standard deviations (Limpert et al., 2001). On 
average, every third AVHRR dataset was found to contain questionable observations due to a 
combination of shallow observation (scan) angles and local cloud cover. The temporal 
distribution of missed samples was found to be near random such that the impact of image gaps 
on effusion rate estimation was minimal for this particular time series.
Assumption 2: All hotspots detected between the consecutive TanDEM-X acquisition times 
tTDx(n - 1) and tTDx(n) contribute equally to the total flow volume that effused between times 
tTDX(n - 1) and tTDX(n)
Violations to this assumption may lead to errors in the reconstructed effusion time series.
Even so, the joint effusion time series is required to preserve TanDEM-X measurement points, 
and errors are thereby contained between TanDEM-X sampling points.
Figure 3.19: Statistical distribution of temporal gaps between missed data samples. The spacing 
of missed samples closely follows a normal distribution in this linear-log plot. On average, every 
third AVHRR acquisition contains questionable observations due to low incidence angles or cloud 
cover.
3.4.2.3 Potential future improvements to the approach
Additional sensors for DEM generation: While TanDEM-X proved to be a first-rate source 
for DEM generation over active volcanoes, it may be useful to expand to other spaceborne 
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sensors capable of DEM generation. Examples include the strip-processed version of the 
ArcticDEM (Morin et al., 2016) constructed from in-track and cross-track high-resolution (~0.5 
m) imagery acquired by the DigitalGlobe constellation of optical imaging satellites. The strip- 
processed version is available as multi-temporal layers and could be a suitable candidate for 
future integration. However, a regular occurrence of temporal gaps in these DEMs would require 
an approach for data cleanup.
The TanDEM-L constellation, currently in early development at the German Aerospace 
Center, could be another promising future candidate for DEM data (Eineder et al., 2016). Like 
TanDEM-X, the TanDEM-L mission is a constellation of two identical sensors where the 
generation of repeated DEMs is a mission requirement (Tridon et al., 2018). The cloud­
independence of this sensor may lead to an availability of regular DEM acquisitions over most 
volcanic sites of interest.
Additional thermal sensors and channels for hotspot observations: Currently, high-resolution 
observations of effusion activity are acquired from the AVHRR sensor. With the fleet of 
available thermal sensors expanding, observations could be expanded to include data from 
instruments such as Himawari 8 (Bessho et al., 2016); the Geostationary Operational 
Environmental Satellite -R Series (GOES-R) (Schmit et al., 2005); or the Spinning Enhanced 
Visible and Infrared Imager (SEVIRI) on board the Meteosat Second Generation (MSG) 
satellites (Trigo et al., 2008), Using a broader set of sensors for thermal monitoring will lead to 
improved temporal sampling of effusive events. Currently, thermal information from AVHRR is 
focused on hotspot detection. This is a practical limitation given the low saturation temperature 
of AVHRR band 3, particularly for large effusive events such as the TFE.
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Use of thermal data could be improved by integrating AVHRR band 4 (λ=10.6μm) into the 
thermal series analysis, in a manner similar to its use in the Okmok II algorithm. At its longer 
wavelength, band 4 is less sensitive to variations of surface temperature and is therefore a less 
frequently used, albeit a less accurate tool for surface temperature estimation. However, its 
reduced temperature sensitivity also reduces the likelihood of saturation.
In an expansion of our current approach, AVHRR band 4 data could be integrated as a 
weighting function in Eq. 3.10 to ensure that thermal anomalies associated with higher band 4 
temperatures, T10.6μ, contribute more to the overall flow volume increase. This could be 
achieved by integrating T10.6μ directly to estimate the contribution ΔFhs of every hotspot to the 
flow thickness increase between two TanDEM-X acquisition times, e.g.,
3.5 Conclusion
The TFE on the Kamchatka Peninsula was a significant effusive eruption that lasted nine 
months, and emplaced volcanic products with a volume reported between 0.53 km3 and 0.65 km3 
(0.50 km3 DRE and 0.55 km3 DRE) over an area between 35.9 km2 and 45.8 km2 (Belousov et 
al., 2015; Dvigalo et al., 2014; Kubanek et al., 2017; Dai and Howat, 2017). Radiant brightness 
temperature data were examined from 2569 observations obtained from orbital AVHRR sensors. 
Although reliable results on the lava flow area from this large scale eruption using the AVHRR 
data exclusively were not possible, a new approach was developed to combine AVHRR thermal 
data with a series of DEMs derived from the TanDEM-X radar observations. This approach can 
lead to a substantial increase in the understanding of the small temporal changes in the volcanic 
activity and emplaced material across the lava flow extent during the nine-months of the 
eruption.
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Each DEM in the TanDEM-X based time series provided precise elevation differences to 
derive the flow thickness and effused volume at each TanDEM-X observation time. The DEMs 
provided highly accurate fine spatial resolution observations, but their temporal resolution was 
coarse, resulting in only 12 DEMs over the course of the entire nine month eruption. To fill 
those gaps, thermal anomalies observed by AVHRR sensors, which provide up to four 
observations per day, were interleaved between the TanDEM-X acquisition times, and 
interpolated to provide precise estimates on the number and timing of significant effusive 
periods.
The developed joint time series approach substantially increased the number of observations 
and hence small temporal variations in the eruptive activity during the nine month TFE and 
possibly other effusive eruptions. The onset and end of the TFE was clarified and re-defined 
from the combined series and several periods of relative quiescence and high activity were 
identified that were not originally recognized from the individual time series analysis. Lava flow 
development as a function of time and space was analyzed that supported an improved estimate 
of the effusion history across the approximate nine months of the TFE. In addition to a 
geophysical analysis of the derived data, several benefits and limitations of the developed 
approach were identified as well as future directions to improve upon the process to derive even 
more details on the eruptive cycle and our understanding of these large effusive events.
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3.6 Appendix
List of variables used in Section 3, Equations 3.1 -- 3.10
Variable Description
Er Instantaneous lava effusion rate
Qtot Total thermal flux
p Lava density
Cp Specific heat capacity
ΔT Eruption temperature minus solidus
CL Latent heat of crystallization
Δϕ Crystallization in cooling through ΔT
Ft Heat loss per unit area
At Area of lava
μ Mean of a population
σ Standard deviation of a population
HS(t) Time series of thermal anomalies
V(t) Effused volume at time tTDX
Er(t) Time series of effusion rates
B⊥ Effective perpendicular baseline
γ Average interferometric coherence
ϕ The InSAR phase calculated from SAR acquisitions i and j;
ϕi,j,defo The InSAR phase component contributed from surface deformation;
Φi,j,topo The InSAR phase component contributed from surface topography;
ϕi,j,atm The InSAR phase component contributed from atmospheric propagation properties;
Φi,j,orbit The InSAR phase component contributed from errors in satellite orbits;
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ϕi,j ,noise The InSAR phase component contributed from noise;
ti and tj Time at point i and j, respectively.
ϕ The InSAR phase from TanDEM-X SAR acquisitions i and j;
ϕTDXi,j,topo
The InSAR phase component of TanDEM-X SR acquisitions i and j that are 
contributed from surface topography;
ϕtdxi
,j,orbit
The InSAR phase component of TanDEM-X SR acquisitions i and j that are 
contributed from errors in satellite orbits;
ϕtdxi
,j,noise
The InSAR phase component of TanDEM-X SR acquisitions i and j that are 
contributed from noise;
Beffi,j⊥
The effective perpendicular baseline corresponding to half of the perpendicular 
baseline of the bistatic TanDEM-X acquisition geometry.
r The sensor-to-target range
θ The look-angle of the satellite-sensor system
λ Wavelength
h Surface elevation
ϕpre Interferometric phase from the pre-eruption TanDEM-X data pair.
ϕref_topo A interferometric reference phase derived here from SRTM data
φ Residual phase measurement
Ψunw
Residual phase measurement between the SRTM-DEM, and the true pre-eruption 
topography.
hpre The TanDEM-X pre-eruption DEM
Δh The difference between two elevations
Φ∆h The phase change attributable to Δh after correction for orbit errors
hpre Surface elevation based on the pre-eruption DEM from TanDEM-X
HS(t) A hotspot at time t.
F(t) Flow thickness at observation time tTDX
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Fres(t) Flow thickness time series resampled into AVHRR geometry
δfres The difference in flow thickness between two acquisition times
tTDX(n) A TanDEM-X acquisition time at time step n.
σFres Height error of the resampled flow thickness
σF Height error of flow thickness before resampling
m AVHRR/TanDEM-X resolution ratio
t AVHRR All AVHRR acquisition times
FAVHRR+TDX(t) Flow thickness of the joint time series at time t
N The total number of TanDEM-X acquisition points tTDX
ΔFHS(n) Additional flow thickness added at each hotspot n
kHS The number of thermal anomalies between two consecutive time steps
EEr max The maximum instantaneous lava discharge rate
ξ A decay constant over the course of an effusive eruption
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Volcanoes are one of the most destructive natural forces on Earth. Human populations have, 
for centuries, been attracted to the flanks of volcanoes for the mineral-rich volcanic ash that first 
supported crops for cultivation, then grasslands for husbandry, and later tourism, jobs, and the 
economies of the cities and human populations that grew up around them. It could be said that 
volcanoes are to humans, what the Sirens were to Odysseus: appealing on the surface, but 
ultimately destructive. In 2015, about 58 million people lived within a 10 km radius of roughly 
1300 Holocene volcanoes, 200 million live within a 30 km radius, and more than 11% of the 
world's 6.5 billion people live within 100 km of a Holocene volcano (Siebert et al., 2015). With 
the benefits of living with volcanoes come real dangers, and in a variety of forms: explosions, 
toxic gases, pyroclastic flows, lava, ash, and lahars. So the ubiquitous presence of volcanoes, and 
the populations that live near them present a strong incentive to improve our understanding of 
the underlying processes of volcanic activity, and by extension, maximize forecast and 
mitigation effectiveness.
With that broad objective in mind, this three chapter dissertation research focused on 
improving volcanic observation and, more specifically, the detection, and monitoring of volcanic 
deposits using novel remote sensing techniques to combine information from visible, thermal, 
and microwave instruments.
Chapter 1
High-resolution optical images were combined with L-band synthetic aperture radar (SAR) 
data to produce geophysical measurements at Redoubt Volcano, Alaska during its 2009 eruption. 
This research study acquired simultaneous forward-, nadir-, and rear-looking optical images, or 
“triplets,” of Redoubt Volcano and the Drift River Valley from the Panchromatic Remote
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Sensing Instrument for Stereo Mapping (PRISM) instrument aboard Japan's Advanced Land 
Observing Satellite (ALOS). At the same time, repeat-pass, L-band SAR data from the Drift 
River Valley were acquired by the Phased Array type L-band Synthetic Aperture Radar 
(PALSAR), also orbiting aboard ALOS. Optical PRISM triplets were used to produce high- 
resolution photogrammetric digital elevation models (DEMs) of Redoubt Volcano and the Drift 
River Valley to examine topographic changes caused by lahar deposits and scour, and to estimate 
the volume of the Redoubt lava dome produced during its 2009 eruption. PRISM DEMs were 
also used with PALSAR data and differential InSAR (d-InSAR) processing to improve the 
correction of topographic phase components in PALSAR d-InSAR data and increase the 
accuracy with which eruption-related surface deformation could be measured at Redoubt. 
Finally, a new algorithm was developed to map boundaries of lahar deposits using coherence 
maps with PALSAR data. The unique algorithm takes full advantage of all available coherence 
information in several syneruptive InSAR pairs to reduce noise and false alarms in automatic 
lahar mask creation.
A number of geophysical findings were possible from the remote sensing techniques 
developed in this chapter. Elevation difference data at Redoubt Volcano's summit crater revealed 
an almost 200 m reduction in elevation from the evacuation of accumulated snow and ice during 
the explosive phase of the eruption (March and April 2009), while the 7 km-long Drift Glacier, 
on the volcano's north flank, suffered an elevation loss of ~100 m from ice melt and scour. 
Growth of the final dome began on 4 April 2009, and continued until the end of the eruption on 1 
July 2009, reaching an elevation increase of ~200 m over ~850 horizontal meters, and an 
estimated volume of 7.2 × 106 m3. Even with uncertainties in calculating the geometric shape of 
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the final dome, the total volume compares well with other values from (Bull, 2009; Dehn, J., 
pers. comm., 2012); Bull and Buurman, 2013; Diefenbach et al., 2013).
Given the amount of ice in the Drift Glacier and the volcano's summit crater, the explosive 
phase of the eruption caused a number of lahars, beginning where the Drift Glacier terminates in 
a piedmont lobe at the eastward flowing Drift River. A narrow gorge at the base of the Drift 
Glacier exhibited scouring of up to 20 m, attributed to lahars from 23 March 2012 (Waythomas 
et al., 2013), as well as localized zones of lahar deposition up to 20 m slightly downstream and 
east of the Drift Glacier's piedmont lobe. The data collected over the volcano and its deposits 
indicate lahar deposition of 0.5 - 2.5 m over a preponderance of the 37-km valley with a mean 
elevation increase of 1.5 m between the piedmont lobe and the Drift River Delta.
The developed approach, for combining ALOS PRISM and ALOS PALSAR sensors, was 
found to be highly beneficial to derive cm-scale surface deformation rates at Redoubt Volcano. 
A performance evaluation, using regions with known surface deformation, showed that the 
proposed combinatory method led to a significant reduction of bias (μ = 2 cm yr-1), and a 
significant improvement in accuracy (σ = 1.8 cm yr-1), when compared to standard techniques (μ 
= 10.5 cm yr-1 and σ = 4.2 cm yr-1).
The surface deformation measurements, derived with the developed method, were of 
sufficient accuracy to confirm that compaction and evaporation of interstitial water in fresh lahar 
deposits gives rise to surface subsidence. In the lahar-covered areas of the Drift River valley, 
surface deformations between 0.5 cm yr-1 and 20 cm yr-1 were recorded. InSAR data additionally 
suggested that thicker lahar deposits result in higher surface deformation rates. Higher 
deformation rates were found where the lahar flow thickened as it filled depressions or 
encountered topographic relief. This suggests that InSAR-derived surface deformation 
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measurements may be useful to derive lahar flow thickness and deposition volume information at 
active volcanoes, even if no repeated DEM data is available. This hypothesis was later tested in 
Chapter 2, using Augustine Volcano, Alaska as a test site.
The combination of multi-temporal syneruptive InSAR coherence maps resulted in accurate 
and reliable measurements of lahar flow extent at Redoubt Volcano, Alaska. As the coherence­
based SAR approach is effective in all weather and illumination conditions, the developed 
technique has the potential to improve the reliability and timeliness of volcanic information, 
especially for volcanoes with sparse in situ data and regular cloud coverage. Our approach also 
lends itself to the analysis of flow progression for eruptions of longer duration.
Chapter 2
In this chapter, an analysis of long-term subsidence of pyroclastic flow deposits at Augustine 
Volcano in South Central Alaska was performed. The objective of this work was to record 
interferometric measurement of surface deformation from pyroclastic flow deposits (PFDs) at 
Augustine Island, which included deformation of PFDs laid down by Augustine's volcanic 
eruption in 2006, plus a second component of deformation contributed by underlying PFDs from 
a previous eruption in 1986.
As the two eruptions occurred twenty years apart, data collection for this research required 
multiple SAR platforms. No permanent spaceborne SAR system existed during the 1986 
eruption, and no single platform was in use for the entirety of the twenty intervening years. To 
maximize available coverage, 48 SAR single look complex (SLC) images were acquired 
between 21 June 1992 and 9 October 2010. The images came from four platforms, using SAR 
sensors acquiring in C-band and L-band wavelengths (λ). C-band data were obtained from
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Radarsat-1 (λ = 5.6 cm), ERS-1, and ERS-2 (both λ = 5.66 cm); while the L-band data (λ = 23.62 
cm) for this research were acquired by ALOS-PALSAR.
At Augustine Volcano, SAR data suitable for interferometry were available from June 1992 
to October 2005 (ERS-1 and ERS-2), from March 2006 to April 2007 (Radarsat-1), and from 
July 2007 to October 2010 (ALOS-PALSAR). Using these data in combination with 
geophysical models, deformation rates were projected back to the pre-SAR periods from 1986 to 
1992 to estimate original thickness and long-term subsidence rates for PFDs related to Augustine 
Volcano's two most recent eruptions in 1986 and 2006.
To discriminate between contributions from these two eruptions, a simplified geophysical 
model was developed that first assumed the contraction behavior of 1986 and 2006 deposits was 
based on the same physical principles and same material parameters for each layer of deposits. 
The model considered four geophysical sources of deformation: (1) surface deflation due to loss 
of volatiles; (2) surface inflation or deflation caused by volume changes in the magma reservoir; 
(3) poroelastic deformation caused by loading; and (4) thermoelastic surface deformation due to 
cooling. Of these four mechanisms, only two, poroelastic deformation from loading, and 
thermoelastic cooling, were found significant.
A linear model of deformation in each data stack was found to have no significant 
improvement over an exponential decay model. Subsequent least-squares estimation showed that 
pyroclastic flows deformation increases linearly with flow thickness, confirming our suspicion 
from Chapter 1 that InSAR-derived deformation data can be used to estimate the thickness and 
volume of volcanic deposits. For the pyroclastic flows at Augustine Volcano, a thermal 
contraction rate of 0.091 cm y-1 m-1 ± 0.0002 cm y-1 m-1, and a poroelastic contraction rate of 
0.319 cm y-1 m-1 ± 0.0005 cm y-1 m-1 was found. Interestingly, these values are in good 
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agreement with contraction parameters for basaltic and andesitic lava flows that were calculated 
by Ebmeier et al. (2012), from a limited set of global measurements. This similarity provides an 
independent validation of our method and gives credence to our results.
With these contraction parameters established, estimates of thickness and volume of deposits 
for 1986 and 2006 were possible. The model results and InSAR observations resulted in an 
estimated total volume of PFDs from Augustine Volcano's 2006 eruption of 3.3 × 107 m3 ± 0.11 
× 107 m3. Maximum thicknesses were determined at ~31 m, with a mean thickness of ~5 m. 
Volume of 1986 PFDs were estimated at 4.6 × 107 m3 ± 0.62 × 107 m3, with a maximum 
thickness of ~31.5 m, and a mean thickness of ~7.4 m. As far as could be determined, these 
estimated values for 1986 represent the only published thickness distribution map prepared for 
Augustine Volcano's 1986 eruption.
Chapter 3
In the last of three chapters, a new method was developed to combine thermal and SAR 
remote sensing data to expand the possible number and precision of effusion observations that 
can be extracted from the individual datasets when processed alone. For this purpose, thermal 
data was obtained from a constellation of NOAA satellites with Advanced Very High Resolution 
Radiometer (AVHRR) sensors, and SAR data from the German Aerospace Center's TanDEM-X 
SAR mission. These two sources were complimentary because two AVHRR satellites, each with 
a twelve hour revisit period, resulted in several passes per day, but at a ground resolution of only 
1.1 km, while the TanDEM-X, on the other hand, has a minimum revisit period of at least 11 
days, but provides meter level spatial resolution. The complementarity of high-temporal but low- 
spatial resolution AVHRR and low-temporal but high-spatial resolution TanDEM-X data, 
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suggested that a combination of the two sensors may result in an improved eruption profile that 
could not be achieved by either dataset on their own.
The target for this work was the 2012-2013 Tolbachik Fissure Eruption (TFE), which 
occurred at Tolbachik Volcano, on the Kamchatka Peninsula, from 27 November 2012 through 
~27 August 2013. An initial analysis of contemporaneous AVHRR observations of Tolbachik 
Volcano made by the Alaska Volcano Observatory revealed significant saturation issues during 
the course of the eruption, but especially during the dynamic initial stage, when up to 90% of the 
available observations contained saturated pixels in the mid-infrared band (3.550 μm -3.93 μm), 
and at least 1188 of the 2569 total observations (46%) contained saturated pixels.
To minimize the impacts of saturation on effusion rate estimates derived from AVHRR 
alone, this work developed an alternative combinatory approach to effusion rate analysis. From 
the AVHRR sensor, the approach relied only on the number of pixels revealed to have an 
anomalous surface temperature in AVHRR data. This approach removed the necessity to derive 
actual surface temperatures, and also obviated the saturation issue. However, the existence and 
quantity of thermal anomalies (also called hotspots) became important. With the largely effusive 
nature of the TFE, thermally anomalous pixels could be assumed to represent lava, whose origin 
was effusion.
For thickness observations, DEM differencing from interferometric TanDEM-X InSAR data 
was used. Using interferometric phase information from TanDEM-X, a time series of twelve, 
high-resolution DEMs was created. When evaluated for temporal differences, the DEMs 
provided accurate, high spatial-resolution maps of changes in topography during the course of 
the eruption, i.e., highly reliable estimates of effusive volume.
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A novel approach consisting of three primary processing steps was developed to combine 
AVHRR- and TanDEM-X-based observations. First, AVHRR and TanDEM-X data were 
resampled to the same reference frame and onto the same geospatial raster, with the AVHRR 
observation geometry chosen as the reference geometry. A second step identified and corrected 
occasional mis-registrations of AVHRR observations that typically originate from geolocation 
errors when AVHRR observations are acquired at a shallow scan angle; i.e., when Tolbachik 
Volcano is near the western edge of the swath width. In a final step, the two datasets were 
combined to produce unbiased and fine temporal resolution effusion observations at Tolbachik 
Volcano. To merit bias-free results, temporally sparse TanDEM-X-based effusion volume 
estimates are used as reference points to guide an interpolation approach that used AVHRR data 
to fill gaps between TanDEM-X acquisition times. Figure 3.13 shows a comparison of thermal 
anomaly time series to reported eruption chronology for the dynamic initial stage of the eruption, 
and provides evidence for this claim. The good correspondences give credence to the derived 
hotspot observations and support the developed approach, which uses hotspot data for 
interpolating flow thickness, volume, and effusion rate information.
The developed approach and available data resulted in a more detailed time series of effusive 
lava flow generation and emplaced material during the TFE. Lava flow volume was derived by 
multiplying lava flow extent with the reconstructed lava thickness values for every pixel and 
every time step of the joint AVHRR/TanDEM-X time series. The generated observations 
indicated that deposition began first toward the south and west, forming the Vodopadnoye and 
Leningradskoye Flow Fields, largely within the first two days after the start of the eruption. The 
Vodopadnoye Lava Field, fed mostly from the lower Menyailov Vents, reached its maximum 
extent of ~8.5 km on 10 December 2012 (Gordeev et al., 2013). The Leningradskoye Lava Field 
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reached its maximum length shortly thereafter, on 13 December 2012, but continued to widen 
and thicken until reaching its maximum area and volume in April 2013 (Belousov et al., 2015).
The joint AVHRR/TanDEM-X data show that deposition to the east of the eruption fissure 
commenced on or about 28 December 2012 and began forming the Toludskoye Lava Field. Flow 
thickening was episodic with extended periods of inactivity until the lava field reached its final 
thickness in late August, 2013, near the end of the TFE. While the buildup of the Toludskoye 
Lava Field led to a noticeable uptick in the total effused volume (Figure 3.10) starting around 
mid-January 2013, the contribution of this lava field to the total effused volume was found to be 
~13%. The joint AVHRR/TanDEM-X data indicated that significant lava effusion ceased on or 
about 26 August 2013, which is in good correspondence with other published values of 27 
August 2013, from Kubanek et al. (2017); and 23 August 2013, from Belousov et al. (2015). 
Detailed analyses of flow emplacement histories for five sample locations among the three lava 
flow fields are shown in Figures 3.14 - 3.18.
A comparison of hotspot locations to the reconstructed flow thickness time series suggests 
that levee formation may have occurred early in the eruption, channeling most lava flow near the 
center of the emplaced flow fields and encouraging rapid thickening along the flow centerlines. 
Evidence of this behavior can be found in Figure 3.8, which shows a comparison of hot spot 
locations relative to areas with significant flow thickness, as well as in Figure 3.5, which shows 
the flow thickness time series as extracted from TanDEM-X and indicates rapid flow thickening 
near flow centerlines.
Time averaged discharge rates derived from the joint AVHRR/TanDEM-X time series show 
good correspondence with other published results (e.g., Dvigalo et al., 2014; Belousov et al., 
2015; Kubanek et al., 2017) while providing finer scale temporal detail than previously 
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available. A five-day average of the joint time series (Figure 3.11) indicates that a significant 
amount of the total deposition was effused during the first ten days of the eruption, resulting in a 
time averaged discharge rate of ~300 m3 s-1 over these ten days. Effusive volume deposition 
dropped significantly thereafter, maintaining ~ 100 m3 s-1 for another ten days before leveling out 
at 0 - 30 m3 s-1 for most of the remaining event. A measurable uptick of deposition was observed 
near the end of the eruptive period, adding a final 0.05 km3 of lava volume in August 2013, 
before activity ceased late in the month. Figure 3.11 shows that both the peak discharge rates as 
well as the general temporal decay of effusion activity, as derived from the joint 
AVHRR/TanDEM-X time series, mimics discharge rate information derived from airborne 
stereo photogrammetry by Dvigalo et al. (2014), and from spaceborne single-pass InSAR by 
Kubanek et al. (2017).
Implications
The results of this research demonstrate a series of methods that combine observations and 
measurements from different remote sensing instruments to achieve more complete and accurate 
understanding and evidence of the volcanic activity, than is available from a single instrument on 
its own. Chapter 1 demonstrated how optical data from an orbital platform could provide high 
resolution DEMs for volume estimates and also substantially improve the accuracy of surface 
deformation estimates as derived from d-InSAR. This chapter described, for the first time, a 
unique method of employing several multi-temporal InSAR coherence maps to identify the 
decorrelated boundaries and extent of those deposits with high precision, while minimizing noise 
and false positives.
Chapter 2 described a new method of estimating surface deformation of pyroclastic flow 
deposits (PFDs), including, for the first time, the subsidence contribution to surface deformation 
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made by previous, underlying PFDs. This study employed 16-years of InSAR data collected 
from four separate SAR platforms, and resulted in a reconstructed subsidence history from two 
generations of superimposed flows, the latest of which was created before the existence of 
spaceborne SAR observation. The generated data provided evidence that PFDs subsidence scales 
with PFD thickness and led to the generation of a geophysical model that establishes InSAR as a 
tool for measuring PFD thicknesses, volumes, and thermal properties. The multi-sensor InSAR 
observations supported a hypothesis that the initial settling period of Augustine PFDs was 
usually concluded within a year of emplacement, and documented a decrease of deformation 
rates over time as cooling rates of the flows subsided. Finally, the only known thickness map of 
PFDs emplaced by Augustine Volcano's 1986 eruption was created. These results reinforce a 
better understanding of the behavior and geometry of PFDs when using InSAR, and to the need 
to incorporate data from multiple archived datasets on other platforms. The developed techniques 
can be transferred to other volcanic sites as well as a broader analysis of PFD volumes and 
subsidence behavior.
In the third and final chapter, DEMs derived from InSAR data were combined, for the first 
time, with thermal data from AVHRR satellites to produce a more detailed thickness and 
effusion profile of large effusive eruptions such as the TFE. InSAR data for this study was 
acquired from the TanDEM-X satellite-radar mission operated by the German Aerospace Center 
(DLR). This mission generates observations to derive very high spatial resolution flow thickness 
and accurate flow volume observations, but at coarse temporal sampling, ranging between 11 
and 55 days. The AVHRR data, on the other hand, provided high temporal but coarse spatial 
resolution observations of thermal activity. Data from the AVHRR sensor also showed 
limitations due to sensor saturation, especially during the early phases of the eruptive period.
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This chapter provided an avenue to combine these complementary sensor types to reach an 
unbiased and fine temporal resolution effusion time series for the Tolbachik event. Effusion rate 
and effusion volume time series were validated against and compared to other published 
information for this event including field reports and measurements from airborne stereo 
photogrammetry. The technology and joint timer series processing developed here can be used as 
a template for the combination of other spaceborne datasets of relevance such as thermal data 
from Himawari 8 (Bessho et al., 2016); the Geostationary Operational Environmental Satellite - 
R Series (GOES-R), (Schmit et al., 2005); or the Spinning Enhanced Visible and Infrared Imager 
(SEVIRI) on board the Meteosat Second Generation (MSG) satellites (Trigo et al., 2008), or 
DEM data from other spaceborne stereo-optical (e.g., DigitalGlobe constellation) and InSAR 
(e.g., TanDEM-L) sensors. As data availability and processing technologies for DEM generation 
from spaceborne data matures, the developed techniques may have important implications for 
operational monitoring applications as they may allow near real-time measurements of effusion 
rates and effusion volumes as an ongoing eruption progresses.
Future work
In the last few years, the topic of multi-sensor data fusion has gained significant attention in 
the volcanic remote sensing community. Beyond the knowledge that observations from multiple 
sensing modalities are beneficial to advance our understanding of volcanic processes, this 
development is fueled by the increasing availability of high-resolution and regularly available 
observations from remote sensing platforms. Examples of this trend can be found in recent work 
by Reath et al. (2019), Pritchard et al. (2018), and Papageorgiou et al. (2019).
With the multi-sensor frameworks developed in this dissertation now in place, future efforts 
should focus on increasing the diversity of sensor types in a joint analysis. For the topic of 
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volcanic deposition, a broader combination of optical, thermal, derived aerosol, and multi­
frequency SAR data should be sought. Reath et al. (2019) provides a summary of relevant sensor 
systems for a joint monitoring of degassing, thermal, and deformation signatures at active 
volcanoes. Reath et al. (2019) use observations from these various sensors to perform qualitative 
analyses of volcanic eruptions but stop short of generating quantitate evaluations on the eruption 
behavior from the data. An integration of the multi-sensor data in Reath et al. (2019) with the 
processing technologies developed in this dissertation would provide a major step forward to 
current state-of-the-art, as they would add extensive capability to derive quantitative effusion 
information from the ever growing suite of multi-sensor information.
Throughout the three chapters, the work conducted in this dissertation highlighted the value 
and extensive benefits of multi-temporal DEM observations for the study of volcanic eruptions. 
Repeat-pass DEM data are used to improve the accuracy of surface deformation estimates from 
InSAR (Chapters 1 and 2), provide observations on the thickness and volumes of volcanic 
deposits (Chapters 1 and 3), enable measurements of volcanic domes (Chapter 1), and determine 
unbiased effusion rates (Chapter 3). With the value of DEM's now understood, a broader 
integration of this data type into volcanic monitoring systems is suggested.
Chapter 2 of this thesis revealed that InSAR can provide important observations on the 
poroelastic and thermoelastic contraction properties of volcanic deposits. Based on dense time 
series of data at Augustine Volcano, the contribution of thermoelastic and poroelastic contraction 
was separated and their relative importance as a function of time. It was surprising to find that 
the thermoelastic contraction properties of lahar flows at Augustine Volcano were similar to the 
thermoelastic contraction behavior of basaltic and andesitic lava as calculated by Ebmeier et al., 
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(2012) from a limited set of global measurements. Based on these findings, a study on the impact 
of compositional properties on the contraction behavior of volcanic deposits is recommended.
While Chapter 3 provided the first application of jointly processing thermal and DEM time 
series data to analyze the eruptive behavior of large effusive eruptions, further research should 
study the following potential improvements to the technique: (1) the current technology does not 
take advantage of the quantitative data available in the different bands of a thermal sensor. 
Integration of sensor bands that are less prone to saturation into the technique would strengthen 
the accuracy of the derived time series. Such integration could be achieved by modifying two- 
band methods for effusion rate estimation to include bands with lower saturation likelihood or by 
including these datasets as weights in the time-series interpolation (as proposed in Eq. 3.10); (2) 
by resampling all data into the geospatial grid of the thermal sensor, the current approach does 
not take full advantage of the high-spatial resolution capabilities of the DEM-derived flow 
thickness observations. Methods could be devised that use high-resolution flow thickness 
measurements to interpolate the lower resolution thermal imagery, resulting in effusion 
observations that are have fine resolutions in both time and space.
Finally, an integration of the developed technology into operational monitoring systems 
should be considered. To make meaningful contributions in a response situation, the robustness 
and throughput capabilities of current remote sensing data processing technology needs to be 
improved. This is particularly true for SAR-based DEM and deformation measurement 
techniques. Both require more research to increase their level of automation and improve 
automatic error handling techniques to warrant operational use. With the continuous increase of 
available remote sensing sensors and considering the current explosion of remote sensing data 
volumes, the development of mechanisms to efficiently process large data volumes should also 
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be considered. Cloud-based solutions have shown some success in facilitating near real-time 
remote sensing data processing in operational hazard monitoring systems (Meyer et al., 2018), , 
by providing high-throughput processing capabilities and by allowing elastic scaling of compute 
resources. However, more research is required to develop technology that is easy to use, fully 
scalable, and affordable.
It is my hope that the research presented here will provide the community with clues about 
how to take effective advantage of this growing pool of multi-sensor observations. I furthermore 
hope that the analysis concepts developed in this thesis will find broad applications in the study 
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